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Abstract (in English)
Nucleic acids control the machinery of living cells through coding different
biochemical functions. Metal ions play a critical role in inducing and stabilizing
different DNA structural conformations through interacting with various sites on nucleic
acids. Interactions are controlled by the relative affinity of metal ions towards the
negatively charged phosphate backbone and donor nitrogen or oxygen on nucleotide
bases. Several studies have investigated the interactions of metal ions with duplex and
higher orders DNA conformations. These interactions vary greatly, from monovalent
alkali ions that are primarily delocalized in a diffuse cloud around duplex DNA to
transition metals that are directly coordinated to the nucleotide bases.
The main objective in our work was to study the interaction of trivalent metal
ions with human telomere random coil single strand and GQ DNAs as well as with
double stranded calf thymus DNA. Understanding their mode of interactions, ability to
induce secondary order DNA conformations and stabilization of resultant structure are
vital goals of this study.
In this work, we studied the interactions of 9 metal ions included lanthanide ions
Ce3+, Sm3+, Dy3+, Gd3+, Ho3+, Tb3+ and heavy metal ions Rh3+, Os3+ and Au3+ with
different DNAs. Investigations were done using UV-Vis, fluorescence and circular
dichroism techniques. The study was carried out in aqueous solutions using Tris buffer,
pH 7.4.
Results of UV-Vis, Circular dichroism and fluorescence measurements indicated
that the trivalent metal ions interact with human telomere single strand random coil and
G-quadruplex DNA through guanine bases, at low concentrations. Trivalent ions
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induced transformations of random coil DNA to antiparallel G-quadruplex. Results also
indicated that ct-DNA interacted with lanthanide metal ions through an intercalation
binding modes and with a mixed binding mode including intercalations and electrostatic
binding for Rh3+, Os3+ and Au3+ ions.
The results gave insights on how trivalent metal ions affect the conformations of
different DNA strands and subsequently contribute in controlling cell machinery. The
results are highly importance for future designing of anticancer and antineurodegenerative drugs.

Keywords: Calf thymus, G-quadruplex, single strand, random coil, trivalent ions, Gquartet, telomere, binding mode, intercalation, Circular dichroism
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)Title and Abstract (in Arabic

دراسة التفاعالت بين الحامض النووي الديؤكسي ريبوز الثنائي والرباعي وبعض االيونات
المعدنية االنتقالية
الملخص
األحماض النووية تعمل على تنظيم الخلية الحية من خالل إعطاء شفرة كودية لمختلف الوظائف البيوكيميائية وتلعب
أيونات األمالح المعدنية دورا فعاال في تكوين وتثبيت التركيبات المختلفة لألحماض النووية من خالل تفاعلها مع
جينات محددة على سطح الحامض النووي .وهذه التفاعالت تتحدد بدرجة القابلية النسبية لأليونات المعدنية لالرتبا
مع القواعد الحمضية ومجموعات الفوسفات للحامض النووي .وقد أوضحت دراسات متعددة تفاعالت األيونات
المعدنية مع األحماض النووية المزدوجة وذوات األشكال المنتظمة .وهذه التفاعالت تختلف اختالفا كبيرا من
األيونات القلوية أحادية التكافؤ التي تنتشر بشكل أولي على شكل سحاب حول األحماض النووية المزدوجة إلى
األيونات المعدنية االنتقالية التي ترتبط مباشرة بالقواعد النيتروجينية.
والهدف األساسي من هذه األ روحة هو دراسة التفاعالت بين األيونات المعدنية ثالثية التكافؤ مع كل من ct-
 ،DNAوالتوليمير البشري في صورة التركيب العشوائي ( )random coil DNAوالتركيب الرباعي (G-
 .)quadruplexوفهم أشكال التفاعالت المرتبطة بهذه األيونات ومدى قدرتها على تغيير األشكال الثانوية
لألحماض النووية وفعاليتها في تثبيت األشكال الناتجة كان الهدف األساسي من هذه الدراسة.
شملت الدراسة تفاعالت  9أيونات معدنية تضمنت أيونات االنثانيدات Ce3+, Sm3+, Dy3+, Gd3+, Tb3+, Ho3+
وأيونات المعادن الثقيلة  Os3+ , Au3+ , Rh3+مع مختلف األحماض النووية .وتم دراسة التفاعالت باستخدام أجهزة
الطيف فوق البنفسجي والمرئي ( )UV-Visواإلشعاع الفلورسيني وكذلك جهاز الضوء الثنائي ذو االستقطاب
الدائري ( .)Circular Dichroismونفذت الدراسة في المحلول المائي باستخدام ال  Tris bufferوعند درجة
الحموضة 7.4
أوضحت نتائج الطيف فوق البنفسجي والمرئي ( )UV-Visواإلشعاع الفلورسيني والضوء الثنائي ذو االستقطاب
الدائري ( )Circular Dichroismأن األيونات المعدنية ثالثية التكافؤ تتفاعل مع التوليمير البشري ذو التركيب
العشوائي ( )random coil DNAوالتركيب الرباعي ( )G-quadruplexمن خالل قواعد ال  ،guanineعند
التركيز المنخفض .وأثبتت فعالية هذه األيونات في تغيير التركيب العشوائي لألحماض النووية ( random coil
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 )DNAإلى التركيب الرباعي ( )G-quadruplexالغير متوازي .كما دلت النتائج إلى تفاعل ال  ct-DNAمع
أيونات الالنثانيدات المعدنية من خالل ال  intercalationومختلف أشكال االرتبا ات من ال  intercalationو
ال  electrostaticمع األيونات المعدنية الثقيلة.
وقد حاولت الدراسة فهم الدور الذي تلعبه األيونات المعدنية في تنظيم استنتاج /انقسام الخلية ،وكانت النتائج جيده فقد
أعطت تصورا دقيقا حول الطريقة التي تساعد بها هذه األيونات في تنظيم آلية عمل الخلية الحية.
والنتائج المستخلصة من هذا العمل يمكن أن تكون ذو أهمية كبرى في المستقبل في تصميم أدوية قد تستخدم في
عالج مرضى السر ان وكذلك في تدهور الخاليا العصبية.
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CHAPTER ONE
INTRODUCTION
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1.1 Background of DNA
Deoxyribonucleic acid (DNA) is an essential component of all living forms. It is
the main component of chromosomes and carries the hereditary material in all cells. In
1869, DNA was discovered by the German physician, Friedrich Miescher and named
nucleic acids due to its acidity [1, 2]. Fifty years later, the main components of DNA
and its exact structures were verified by the biochemist, Phoebus Levene, who proved
that DNA consists of nucleotide subunits contain sugar, phosphate groups and nitrogen
bases [3].
In 1924, Hammarsten proved that the presence of metal ions in the cells is
essential to neutralize the negative charges on DNA [4]. In 1949, Chargaff’s rules were
published which declared the basis of DNA structure where the number of guanine
bases are usually equal to cytosine bases and the number of adenine bases are equal to
thymine bases in every organism. Unfortunately, Chargaff couldn’t explain what this
ratio means [5-7].
Moreover, the British chemist, Rosalind Franklin did much of her works to
verify the DNA structure. Using X-ray diffraction technique, she ended with double
helical structure of DNA but before she credited her discovery she died by ovarian
cancer. Caused by long exposure to X-ray [7, 8]. In 1953, the double helical structure of
DNA was deduced by James Watson and Francis Crick from Chargaff’s rules and
Franklin’s X-ray diffraction studies [7, 9, 10]. Figure 1 illustrates the main scientific
milestones of DNA structure elucidation and research since 1944.
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Figure 1. Scientific events of DNA since 1944 from reference [11]

1.2 Nucleic-Acid Structures and Properties
Subsequent in vivo and in vitro crystallization and x-ray diffraction studies after
Watson and Crick revealed, three common forms of DNA (A-, B- and Z-DNA) (Figure
2). B-form is the most abundant conformations constituting more than 90 % of known
DNA sequences [12].
B-forms are predominant at high relative humidity (92%) in the biological
condition and at low salt. In B-form, the base pairs are perpendicular and directly set to
the helix axis while the phosphate groups are connected to the same strand and further
apart from the axis [12]. This result in the similar depth of major and minor grooves
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[12]. In contrast, the A-from is favorably formed at low humidity (75%) [13] and high
salt concentration. The A-froms base pair are tilted and shifted out from the axis towards
the minor grooves [12]. The A- and B- forms are characterized with right handed antiparallel helical structure with the base pairs connected with Watson crick bond. The Zform is left handed helical structure and stabilized at high salt concentration [14].
Noticeably, Z-form of DNA is existent in a much stretches (the least compact) form
along the axis [12]. Table 1 summarizes the common features of A-, B-and Z- double
helical conformations of DNA.

Figure 2. Double helical forms of DNA [12]
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Table 1. Characteristics of different helical forms of DNA
Parameters

A-DNA

B-DNA

Z-DNA

Broadest

Intermediate

Narrowest

Right- hand

Right- hand

Left- hand

Repeating unit

1 BP

1 BP

2 BP

Rotation per repeating unit (tg)

32.7°

35.9°

-60°

Helix diameter

25.5 A

23.7 A

18.4 A

Rise per base pair

2.3 A

3.4 A

3.8 A

11

10.4

12

25.3 A

35.4 A

45.6 A

anti-

anti-

anti- and syn-

Narrow and
very deep
Very broad
and shallow

Wide and quite
deep
Narrow and
quite deep

Flat

Shape
Screw sense

Base pairs per turn of helix
Pitch per turn of helix
Glycosidic bond
Major groove
Minor groove

Very narrow and
deep

Adapted from [12, 14-16]

All forms of DNA comprise a double stranded helical structure in which each
strand consists of series of nucleotides. The two strands are connected to each other by
Watson Crick hydrogen bonding. Three H-bonds are linked between G-C and two
between the A-T bases (Figure 3). This gives G-C base pairs more rigidity than A-T
base pairs. As a result, DNA sequences enriched in GC base pairs are more stable and
have higher melting temperatures than sequences rich in AT base pairs. Generally,
nucleotide consists of three main parts: phosphate groups, 5-carbon sugar (deoxyribose)
and nitrogen bases which could be either purines (Adenine or Guanine) or pyrimidines
(Thymine or Cytosine). RNA has the same components of DNA nucleotide with
Thymine replaced by Uracil and deoxyribose sugar by ribose. The term nucleoside is
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used when purine or pyrimidine bases joined to carbon-1 of pentose sugar in absence of
phosphate group. [12]

Figure 3. Watson and Crick base pairs with major and minor sites scheme between base
pairs. a) Three H-bonds between G-C . b) Two H-bonds between A-T [17]

1.3 G-quadruplex (GQ) DNA
In 1962, the first G-quadruplex DNA (thereafter GQ DNA) was discovered by
Gellert and co-workers when they showed that tetrameric guanine residues can be
arranged in a cyclic planar structure through X-ray diffraction studies [14, 18, 19]. In
1989, the potential significance of GQ was suggested and correlated with drug design
[18]. GQs are composed of four stranded DNA structures holding at least two G-quartet
planes, each of these planes consists of four guanine bases connecting with eight
hydrogen bonds as illustrated in Figure 4. Richness in guanine bases gives a chance to
form non Watson–Crick hydrogen-bonded structures called Hoogsteen bonds.
Hoogsteen bonds occur through hydrogen bonding between the NH1 amide and NH2
amino donors from one guanine base and the acceptor atoms O6 and N7 on the
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neighboring base [20, 21]. The π-π non-bonded attractive interactions are holding the
stacked G-quartets together which almost consist of three or four planes G-quartets [21].

Figure 4. Four Guanine bases form G-quartet structure

Guanine-rich nucleic acids have received high interest due to its ability to fold
non-canonical DNA secondary structures called GQs. Such G-rich sequences have
demonstrated to be existent at the end of chromosomes (tolemere) [14, 22], promoters of
oncogenes and most of growth control genes [22-25]. The formation of GQ DNA
inhibits the activities of telomerase enzyme in cancer cells and subsequently became the
target of developing new therapeutic agents.

1.4 Telomere and telomerase
Telomere is a sequence of non-coding six repeatable nucleotides alongside
(TTAGGG)n tracts localized at the ends of chromosomes in all human cells. Telomere
overhang with a single strand ranged from 100 to 200 nucleotides [26, 27] and 5-10 Kb
in length [16, 28]. Telomeres maintain chromosome’s life [14]. In mammalian,
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telomeres are composed of double strand DNA followed by single stranded DNA Grich overhang [29] (Figure 5). The end of each human chromosome consists of about
1,000 to 2,000 six repeatable nucleotides (around 6,000 to 12,000 base pairs of
telomeric DNA). TRF1 and TRF2 proteins bind to double-stranded telomeric DNA and
perform critical roles in maintaining telomere length, whereas Pot1 protein binds to the
single-stranded telomeric DNA [30]
Unfortunately, telomere undergoes shortening each time of DNA replications
[14]. Usually, each cell replication undergoes to lose 50-200 bases in our bodies [28].
As a consequence, telomere in older age becomes much shorter than in younger age due
to continuous repeatable replication till the cell ends with apoptosis. For instance,
telomeres’ length in blood cells consist of base pairs ranges from 8000 at born to 3000
bp at people age and reaches 1500 at older ages. In contrast with other tissues in human
body as heart muscle, telomeres are not shorten due to not exposing to cell division [31].
Telomerase is a ribonucleo protein enzyme that function to add new bases at the
ends of telomere. It consists of two main subunits, human telomerase RNA component
(hTERC) and human telomerase catalytic component (hTERT) (Figure 5). The hTERC
works as a template for building telomere in mammalian cell. The hTERT is expressed
as rate-limiting component of telomerase inducing the telomerase activity. In earlier
studies, complex form of telomerase was observed consisting of two RNA subunits and
two catalytic subunits [30].
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Telomerase has a critical functions in continuing replications of human cells and
keeping tolemer’s length from extinct [14, 29]. In fact, it is functional in reproductive
cells such as eggs and sperm [31], while it is inactive in somatic cells [16, 32].
However, the enzyme’s activities are much low or absent in normal cells compared to
cancer cells. Telomerase enzyme was found to be activated in 80-85% [16, 28] or may
reach 90% [33] of human cancer cells.

Figure 5. Schematic images of a) telomere b) telomerase enzyme [30, 34]

In 1987, Blackburn and others proved that the repeatable guanine bases in the
telomeric DNA sequences can perform GQ structure in vitro [35]. As a result, extensive
researches have been conducted in order to design molecules inhibit telomerase activity
in cancer cells by stabilizing GQ structure. Recently, GQs have been much greatly
concern due to its secret biological functional in anti-aging and anti-cancer agent [36].
Moreover, highly ordered structure with various polymorphic forms have been observed
for GQs [14, 23, 26]. In 1962, using x-ray diffraction, guanine bases that form GQs have
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been recognized to give ordered fibers pulled from guanine mono phosphate (GMP) gels
which failed with others nucleotides [19].

1.5 Folding topologies of GQs
Folding topologies of GQs are much related to their oligonuleotide sequences.
Usually, those having one G-tract form parallel tetra-molecular structures (called
tetrameic) and these with two G-tracts form antiparallel bimolecular structures (called
dimeric) while intramolecular structures (called monomeric) are formed with four Gtract. NMR and X-ray crystallography have been efficiently used in determining
different GQ folding topologies (Table 2). Folding of oligonuleotide sequences is also
dependent on the number of bases separating G-tract bases, loops of bimolecular and
intramolecular structures, as well as the coordinating cations [37]. General forms of GQ
structures and their various possible folding are shown in Figure 6 [24] and Figure 7
respectively [22].
Structural conformations of GQs formed in presence of different metal ions are
initiated by the environment of coordinating ions. Different conformations of GQs were
observed for the human telemetric sequence d(AG3(T2AG3)3 using Circular Diochroism
spectroscopy. In presence of Na+ antiparallel structure has been conformed while a
mixture of two conformation structures were confirmed in presence of K+ [38-40].
Formation of monomeric antiparallel structure of thrombin binding aptamer (TBA)
d(G2T2G2TGTG2T2G2) in presence of K+ ions have been evaluated using CD
spectroscopy. Same pattern was obtained in presence of divalent cations Ba2+ , Sr2+ or
Pb2+ [38]. Various studies have demonstrated that formation of different GQ folding is
correlated with different factors, such as syn/anti conformation of guanosine, relative
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orientation of G-quartet core, types of linking loops and the nature of associated metal
ions [40].
Table 2. GQ folding of the common human telemetric sequences in presence of K+ or
Na+ ions

Sequence

No. of

Ion

Analytical

G-tract

Presence

technique

one

K+

NMR

GQ folding structure

Reference

Tetramolecular

[41]

d(TTAGGG)
and

Parallel strand

d(TTAGGGT)
d(TAGGGTT
AGGGT)

two

K+

X-ray

Bimolecular Parallel strand

[42]

NMR

Bimolecular hybrid (Parallel and anti

[43]

parallel) strand
X-ray

d[A(GGGTTA

Intramolecular parallel strand

)3GGG]

(Propeller-type)

d[TA(GGGTT

Intramolecular hybrid 1 (3+1) (three

A)3GGG]
d[TA(GGGTT
A)3GGGTT]

[39, 42]

[44, 45]

parallel and one ant-parallel) strand

K+

Intramolecular hybrid 2 (3+1) (three

Four

[45, 46]

parallel and one ant-parallel) strand
NMR

d[(GGGTTA)3

Intramolecular hybrid (parallel and
antiparallel) strand

GGGT]

[47]

(Basket-type)
d[A(GGGTTA
)3GGG]

Na+

Intramolecular hybrid (parallel and
anti parallel) strand (Basket-type)

[39, 48]
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Figure 6. Types of GQ structures (a) Parallel tetramolecular (b) Anti-parallel
bimolecular and (c) Anti-parallel unimolecular [49]

Figure 7. Different GQ structurers of a) tetramolecular strands, b) bimolecular strands
and c) unimolecular strands [22]
1.6 Stabilities of GQs’ structures
Several factors affecting stabilities of GQ structures. The presence of some
particular solvents such as osmolytes (ethylene glycol and glycerol) increase Gquadruples stability by increasing its thermal stability/ melting temperature

(Tm).

Melting temperature (Tm or T1/2) is determined from the midpoint of a melting curve in
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which the complex is 50% dissociated. Tm indicates the relative stability of different
conformations of GQ or ct-DNA [50]. In the study of Kumar and Maiti, two strands of
DNA with an equal concentration (30 nM) were

mixed (G-rich sequence and its

complementary sequence) in presence of 100 mM potassium ion. The amount of GQ in
an equilibrium system was founded to increase from 17. 6 nM to 23.4 and 23.1 nM in
absence and presence of 10% ethylene glycol and 10% glycerol, respectively. The
binding affinity of GQ and its kinetic towards the complementary strand and the
hybridization process were also noticed to decrease in presence of such osmolytes.
Shifting to GQ structure in presence of osmolytes was explained by Kumar and Maitias
a result of molecular crowding and changing in water activities. [51]
Vorlickova et al proved that alcohol as an ethanol is contributing to GQ
stabilization even more than K+ [52]. This has been interpreted by either the ethanol
binds specifically with certain sites on DNA or it changes the dielectric constant through
decreasing the repulsion forces between phosphate groups. On the other hand, many
solvents that exhibit the stability of GQ showed opposite patterns with duplex DNA as
alcohol [38].
Based on such experimental data of guanosine gels melting temperature (Tm),
ionic radius of different metal ions have been found to play a critical role in stabilizing
guanosine gels. Metal ions with relatively same radius exhibited similar melting
temperature such as Ba2+ and Rb+ (Figure 8) [53, 54].
Stability of GQ structure was also found to depend on the affinity of metal ions
to interact with GO6 through the cavity of G-quartet. It have been demonstrated that K+
has more binding affinity to GQ than Na+ and contributing in GQ stabilizing [37]. The
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following order: K+> NH+4> Na+ of monovalent cations were found to stabilize GQs
[23]. Another study showed the stability of GQ decreased as the following order K+ >
Li+ > Na+ [55]. Solid-state NMR studies displayed the binding affinity of monovalent
cations to G-quartet structure formed by guanosine 5‘-monophosphate (5‘-GMP) as:
K+> NH4+> Rb+> Na+> Cs+> Li+ [56]. Divalent alkaline earth cations were found to
stabilize GQ in the order Sr2+> Ba2+> Ca2+> Mg2+ [57].

Figure 8. Relationship between melting temperature and ionic radius of some alkali and
alkaline earth metal ions [54]
The mode of metal ion interaction has been proven to contribute in GQs
stabilities. For example, specific binding with GQs was proven to induce more stability
than electrostatic interaction. In contrast with duplexes, metal ions such as K+ and Na+
have been shown to stabilize double helical structures through distribution along the
nucleic acid and usually in non-specific binding mode [58, 59].
Arrangement of nucleotides sequence forming the GQ structures and types of
metal ions were recognized to affect GQ stability [57]. For instance, GQ stability of
d(G4T4G4) sequence was found to increase in presence of Na+ ions than K+ ions [60].
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Indeed, many other factors contributing to the stability of GQs such as ionic strength,
coordination number and dehydration energy of metal ions as will be shown later [57].

1.7 Interactions of metal ions with nucleic acids
Nucleic acids are rich in negative charges and varieties of binding sites. This
enables them to interact with metal ions and metal containing complexes. Interaction of
metal ions with DNA helps to neutralize the negative charges along the phosphate
backbones. Metal ions may interact with nucleotides or poly nucleotides. As a
consequence of this interaction, sugar conformation may changes and induces the
conformational transition from the B- and A-forms to the Z-form DNA or RNA due to
the changing in an orientation of the bases with respect to the helical axis [61].
Metal-DNA interactions perform a major function in controlling the biological
activities in living cells and contributing the structural stability [58, 62-64]. The
common counter ions of DNA and RNA are K+, Na+, Ca2+ and Mg2+ as well as some
other elements existing in much low concentrations as Zn, Fe or Cu [17, 65]. Some
metal complexes also have shown biological activity as anti-cancer and anti-viral
agents. For instance the pt- complexes cisplatin , carboplatin and oxaliplatin have been
approved by FDA as anti cancer agents in 1978, 1989 and 2002, respectively. Platinum
drugs has been used among several studies on transition metal ions interactions with
DNA in cancer chemotherapy fields. Cisplatin [cis-PtCl2(NH3)2] has been discovered by
Rosenberg as a potential chemotherapy for cancer tumor in 1960. Zn-complexes (Zn
(II)-cyclen complexes), synthesized by Aoki and Kimura are currently used in the
treatment of AIDS. Rh (III) octahedral -complexes were found to have both anti-cancer
and anti-viral activities by Morrison and co-workers [66-68]. On the other hand, studies
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on animals and epidemiological diseases showed that some elements are classifying as
mutagenesis and carcinogenesis agents such as arsenic [69].
Studies on alkali and alkaline earth metal ions interactions with DNA have been
published since more than 30 years ago. While the studies on transition metal ions
interactions with DNA were developed later and began with Hg2+, CH3Hg+ , Ag+, Cu2+
and Zn2+ [17]. Generally, alkali and alkaline earth metal ions form outer-sphere
complexes with DNA. This process accompanied by fast exchange kinetics as a result of
an electrostatic interactions with negative charges on phosphate backbone. Whereas
transition metal ions form a strong inner-sphere binding with nucleobases beside the
electrostatic interactions with phosphate group. Thus normally associated with server
damage of cells and apoptosis. Subsequently, slow exchange kinetics are provided to
remove protons from nucleobases to bind with metal ion [17]. For instance, Cu2+ and
Zn2+ ions form chelates between phosphate group and nucleobases which result in an
un-stacking of bases and consequently induces the destabilization of the helical structure
of DNA. On contrary, Mg2+ and Ca2+ stabilize the helical DNA structure due to the
binding mainly with phosphate group [70]. Therefore, the binding site of phosphate
group leads to stabilize the helical structure of DNA while the bases’ bind site causes
the destabilization [71-73]. Moreover, the high affinities of divalent alkaline earth metal
ions towards the phosphate groups were found to not contribute in DNA condensation.
While low affinity of transition metal ions towards the phosphate groups were
evidenced to induce the condensation of GC-rich DNA and simply form precipitation
[74-76].
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Metal ions have relatively different binding affinities toward DNA due to several
factors such as ionic strength of solution (salt concentration) , concentration and nature
of metal ions and DNA sequence composition [77, 78]. Gelagutashvili proved that the
binding affinity of metal ions toward the DNA decrease as salt’s concentration increase
through the interactions of Cu (II) and Cd (II) ions with DNA from SpirulinaPlatensis
[77]. The preferences of metal ions toward bases over phosphate group has been found
to decrease in the following order: Hg2+> Ag+> Cu2+> Pb2+> Cd2+> Zn2+> Mn2+>
Ni2+> Co2+> Fe2+> Ca2+> Mg2+> Ba2+ [79]. In other studies, the strength of metal ions
interaction with DNA bases was found to decrease in the following order: Pd2+> Cu2+,
Co2+> Ni2+, Cd2+, Mn2+> Ca2+ > Mg2+, Sr2+, Ba2+ [80]. Table 3 summarize the preferring
binding sites of some metal ions on DNA among different studies [81]. Affinities of
transition metal ions toward nucleobases and the formation of stable complexes with
DNA were found to increase as the following order: G A, C T [82]
Extensive studies were performed to study the localizations of different metal
ions in major and minor groves of duplex DNA and its effect on the DNA geometry. As
a rule of to Thumb, metal ions predominant the major grooves in GC-rich sequences
while it prefer minor grooves in AT-rich sequences [65]. Alkali metal ions Na+ and K+
were found to localize in minor grooves of AT rich sequences and alkaline earth metal
ions Mg2+, Ca2+ ,Sr2+ and Ba2+ were noticed to localize between N7 of purines and
phosphate groups in major grooves of GC rich sequences [83-88]. Preferences of
transition metal ions to certain rich sequences have been demonstrated by Frieden and
others. Cu2+, Cd2+, Mn+2, Pt+2, Ag+ and Zn2+ have been found to prefer GC rich
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sequences while Hg+2 prefers AT rich sequences [17, 77, 89, 90]. Thus, both the nature
of metal ions and nucleic acid sequences are contributing in the binding sites of DNA.
Table 3. Preferable binding sites of some ions [81]
Binding sites

Metal ions

Base

Ag+, Hg+, Pt2+

Phosphate group

Li+, Na+, K+, Rb+, Cs+, Mg2+, Ca2+, Sr2+, Br2+, Cr3+, Fe3+

Base and Phosphate

Co2+, Ni2+, Mn2+, Cd2+, Pb2+, Cu2+, Fe2+, Mg2+, Fe3+

group

Generally, three different binding modes of metal ions interaction with nucleic
acid were summarized among different studies. Diffuse binding/ atmospheric bindings
when fully hydrated metal ions interact electrostaticlly with

nucleic acid by non-

specific interaction, localized interaction on certain sites of nucleic acid through
hydrogen bonding of water molecules (outer sphere binding). Specific site binding, in
which cations bind with nucleic acid by replacing at least one aqua ligand (inner sphere
binding) (Figure 9) [77, 81, 91]. Modes of metal ions’ binding can be easily determined
using NMR, X-ray crystallography and viscosity measurements.
Figure 10 summarizes the possible binding sites of metal ions on DNA
[d(TpCpGpA)]3-. Simply, metal ions can bind with N1 of (G or A) and N3 of (C or T)
on DNA, inner side, or with N7 of (G or A), outer side, or with phosphate group [92].
The preferences binding sites at physiological pH are N7 on G, N1 and/or N7 on
adenine, N3 on cytosine and O4 on thymine [93].
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Figure 9. Modes of metal ions’ interactions with nucleic acid, a) Diffuse, non- specific
interaction, b) localized interaction, c) Site-bound interaction [91]

Figure 10. Sites of metal ions binding on DNA[d(TpCpGpA)]3- [92]
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1.8 Interactions of metal ions with GQ DNA
GQ structure is distinguished by its cavity between the four guanine bases that
form G-quartet. G-quartets are characterized with negative charges as a consequence of
the lone pairs on GO6 atoms [37]. This charges allow them to attract acceptor ligands.
K+ and Na+ ions stabilize GQs structures through burying themselves into these cavities
and coordinating specifically with O6 carbonyl in guanine base. Because of their
abundance in biological systems, they also form a cloud of counter ions that bound nonspecifically to DNA. Metal ions might bound specifically and non-specifically with GQs
simultaneously different than other ordered structures of DNA [25]. However the
promotion and stabilization of GQ structure usually comes from the specific bounding
of metal ions. Na+ ionic radius (0.98Å) has been found to have relatively same cavity
size and can be easily coordinated with O6 within a plane of G-quartet. K+ ion has larger
ionic radius (1.33 Å) that is very large to coordinate within the G-quartet plane. So, it
coordinates preferably between two planes of G-quartet (Figure 11) [36, 37]. Li+, Cs+
and TMA+ (tetramethyl ammonium) ions have been shown to not induce GQs structures
in absence of K+ and Na+ ions of Tel22 and Tel26 sequence DNA among the addition of
800 mM from each of these ion [25]. These ions have been

proven to bound

nonspecifically and affect the counter ions condensation due to either it’s too small or
too large sizes to bind within the cavities. Li+ is too small and has to gain much higher
energy than other alkali metal ions in order to be dehydrated, so it is unfavorable to form
GQ while Cs+ and TMA+ are too large to coordinate with G-quartets [25, 94]. Earlier
studies emphasized that lanthanide ions are coordinating with G-quartet more stronger
than monovalent and divalent cations. Wu and coworkers reported that trivalent
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lanthanide metal ions promote formation of stacking G-quartets [95]. They tested La3+,
Eu3+, Tb3+, Dy3+ and Tm3+ on the formation of G-quartets (Gn+M)3+. For the La3+ and
Eu3+ complexes, the predominant species was a G dodecamer containing only one metal
ion. Whereas for Tb3+, Dy3+ and Tm3+, both dodecamer and octamer are having high
relative abundances.
Metal ions are commonly bind in a sandwich mode between two G-quartet
planes [96]. On contrary, Wu’s work suggested a triple-decker of G-dodecamer
containing only one metal ion (Figure 12). The triple-decker structure is stabilized by
strong ion dipole interactions between trivalent cations and O6 carbonyl oxygen atoms
from the guanine bases. Trivalent cations also help to more closely stack G-quartets
relative to mono- and divalent cations, which is further enhance the stability of stacked
G-quartets.
Correlation between abundances of dodecamers and octamers and ionic radii of
metal ions indicated that dodecamers concentrations decreased with increasing ionic
radii from La3+ to Tm3+. The reason was attributed to the optimal size fit of La3+ to the
G-quartet plane (similar to Na+). An opposite trend was observed for G-octamer. Both
dodecamers and octamers showed approximate similar stabilities with Tb3+. Stability
sequence of La3+> Eu3+ > Tb3+ > Dy3+ >Tm3+ was calculated for the formation of Gdodecamer. While the reverse order was obtained from G-octamers. (Figure 13)
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Figure 11. Schematic representation of Na+ and K+ ions bonding with an
intramolecular human telomeric GQ DNA within and between G-quartet respectively
[27]

Figure 12. Binding modes of mono-, di- and tri-valent cations in G-quartet structure.
The bar indicates G-quartet plane [95]
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Figure 13. Illustration of the relation between dodecamers and octamers’ relative
abundances and ionic radii of selected trivalent lanthanides ions. Ionic radii counted
using coordination number 8 [95]
1.9 Kinetics of binding
Two main processes have been identified in metal ion-DNA interactions.
Reversible process which induces conformational changes and irreversible process
results usually with severe damages or cleavages of duplex DNA. The first category
results from non-covalent interactions, and include electrostatic attractions, outer sphere
binding by H-bonding and π-π interactions through intercalations or grooves binding via
van der waals forces. While the irreversible process is caused by coordinative/covalent
bonding formed between an empty orbital of metal ions (acceptor) and filled orbital of
ligand atoms (donar). This is called inner-sphere binding and is generally stronger than
non-covalent interactions [16, 17]. Formation of either these categories is dependent on
the type of metal ions and it’s environmental conditions. For instance, Na+ ions in water
form outer-sphere bonded complex called hexa aqua complex [Na(H2O)6]+. When it
partially or completely lose its aqua ligands, it can easily coordinated to nuleobases
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donor atoms in G-quartet. This can also be applied to K+ and Mg2+ ions and results with
GQ stabilization [17].

1.10 Brief description of lanthanide ions
Lanthanide group consists of 15 element with very similar characteristics [97].
Trivalent lanthanide ions have different properties than other alkali and alkaline earth
ions e.g Na+ and Mg2+. Lanthanide ions have higher apparent affinity and can be
replaced over them due to higher electrostatic contribution from their charges and
entropy gain from removing counter ion [91]. They have long lived luminescence,
therefore can be identified by nearby organic ligands and their lifetime may quench by
ligands [91, 98]. These ions are environmentally sensitive. Thus, large hydration spheres
may form up to 9 water ligands [91]. They are hard Lewis acid ions which prefer
oxygen and nitrogen [98]. It have been noticed that rare earth metal ions can be easily
hydrolyzed DNA especially if comparing with transition metal or alkaline earth
abundant ions in biological system as Zn(II), Ca(II), or Mg(II). This is consequences of
higher oxidation state and charge density, coordination number, and rapid ligand
exchange rates. All these give Ln (III) ions advances in designing artificial enzymes.
Relatively, it have similar ionic radius with calcium and zinc [98]. Figure 14 shows two
independent studies and displays the different ionic radius of Lanthanide ions with the
coordination numbers [99]. Their major binding sites to Gs is defined in hamarhead
ribozyme. In contrast to other metal ions such as Mg2+, Na+ and transition metal ions,
the absorption of lanthanides ions through f-orbital is forbidden [91]. Besides, rare earth
metal ions have been demonstrated to possess different biocatalytic activities by
Komiyama and colleagues. Pr3+and La3+ and other rare earth metal ions can induce the
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formation 3’-5’-cyclic adenosine monophosphate (cAMP) from adenosine -5’triphosphate (ATP) in physiological conditions [100]. Moreover, they enhance the
hydrolysis of phosphoester linkage by assisting other metals under non enzymatically
process [101]. As a result, the degradation of DNA and RNA can be easier occurred
which is the essential process in the field of chemotherapy [102, 103].Certain studies
showed that there are some differences between alkaline earth metal ions and rare earth
metal ions in DNA condensation process. Even though they have same behavior due to
its similar atomic sizes [104]. In 1986, Jinghe Yang and Guiyun Zhu were the first one
who studies the fluorescence enhancement features by rare earth ions which has been
reported by lin and others. However, the very weakness of lanthanide ions in absorption
spectra make difficulties in luminescence experiment unless high concentration used
[98]. While the high sensitivity of luminescent lifetimes to direct coordination
environment is a useful way for determining the binding sites and structures of the
macromolecules [105-107]
Recently, lanthanide ions are using as a probes of metal ions interaction with
different sequences and structures of DNA [108] as well as with different
polyelectrolyte [109].
Ce (III) and Tb (III) ions are the most stable form and act as an electron donor
due to the excess of one electron above the filled orbital of 5p in Ce (III) ion and one
electron above the half filled orbital of 5f in case of Tb (III) ion [110, 111].Trivalent ion
of lanthanide is most stable oxidation state and most abundant in nature [112, 113]
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Figure 14. Ionic radius of trivalent Lanthanide ions as a function of coordination
number (a) and (b) from two independent studies [99]
1.11 Analytical techniques used in studying metal ions interactions with DNA
The mode of interactions between metal ions and DNA can be easily defined
using high-resolution structural techniques such as NMR or X-ray diffraction. However,
UV-Vis spectrometry, fluoresces and circular diochrism are also the useful tools to gain
an information about the binding modes.

1.11.1 UV-Vis spectrometry
Metal ions interactions with DNA can be obtained by the changing in absorption
spectra of either metal ions or DNA molecules [114]. Metal ions with filled/ partially
filled d electronic orbital give an absorption bands in the UV-Vis region. Samples with
π and n electrons only give absorbance. Polynucleotide as well exhibits a clear band at
260 nm as a result of the electron transitions through the chromophoric groups in the
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purine and pyrimidine bases. The chance of these transitions is high, therefore the molar
absorptivity (ε) is large. [114, 115]
Ionic strength and pH affect the absorption intensity of oligonucleotides. If these
parameters hold constant, the complexity of nucleotides’ composition contribute on
decreasing the absorption intensity (hypochromic effect) from mononucleotides ( free
oligonucleotides), random coil and helical structure due to the base – base stacking
(Figure 15). [114, 115]

Figure 15. UV absorption spectra of mononucleotides, single strand (random coil) and
double helical DNA with equal concentration [115]
The purity of DNA molecules can be determined by the absorbance ratio
A260/A280. UV spectroscopy is a useful technique for studying the interaction of metal
ions with DNA and its complexes through the liquid form. Melting temperature (Tm) of
DNA molecules in absence and in presence of metal ions can also obtained using UV
techniques, when 50% of DNA molecules denaturant. For instance, Tm is measured
when 50 % of the double strands convert to single strands. While in presence of metal
ions the value of Tm should be changed if the interactions between metal ions and DNA
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occurred. In case of intercalation binding exist, the value of Tm increase more than the
interaction with major or minor grooves of DNA. Fluorescence, circular dichroism and
NMR can also be used in determination Tm. [114]

1.11.2 Fluorescence
The mode of interactions between metal ions and DNA can also be obtained by
fluorescence spectroscopy. Emission spectra are very sensitive to the environment. The
orientation of flourophoric ligands and its interactions with DNA can be studied by
fluorescence anisotropy and fluorescence resonance energy transfer. Energy transfer is
a useful way in studying M-DNA interaction for lanthanides ions since they have low
luminescence unless they formed chelates with different ligands. Then, the energy
transfer from lanthanide chelates to DNA leading an increasing in fluorescence intensity
[114, 116]. The fluorescence quenching experiment gives an additional information
about the localization of metal ions or complexes in DNA. The effective interactions
between metal ions and DNA usually induce the fluorescence intensity according to
several factors. [114]

1.11.3 Circular diochrisim
Circular Dichroism (CD) is an optical technique that measure the difference
between left and right absorption of circularly polarized light. CD is expressed by the
following equation [117, 118]:
CD=ΔA = (AL – AR)
In CD spectroscopy, polarized light is used to determine the different types of
metal ion-DNA interactions using a small amount of sample. Absorption of DNA
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molecules alignment by an electromagnetic radiation is measured first as a consequence
of an electronic transition through the UV-Visible regions. Then, when the metal ions
bind to DNA and causes changing in DNA conformation, the spectrum is changing.
Circular dichroism gives the information of both electronic and magnetic interactions.
However, linear dichroism (LD) depends only on an electric interactions of molecules
and can be measured by the following:

Linear dichroism is obtained by the differential in absorption of oriented
molecules parallel and perpendicular to the orienting axes which obtained by linearly
polarized light [114]. In contrast to LD, CD does not require the orientation of samples
(Figure 16 ).

Figure 16. Summarized scheme of CD and LD spectroscopy [118]
CD spectroscopy is worthwhile in measuring optically active chiral molecules,
asymmetry structure of molecules (cannot be superposed on their mirror images) [118,
119]. It is a useful technique to obtain the binding mode of metal ions interactions with
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DNA through the non-covalent binding that contributing the changes in an electronic
structure of molecules [114]. CD spectroscopy is very sensitive technique to
conformational changes which makes more favorable technique over conventional
spectroscopes such as fluorescence and absorbance. CD is an absorption spectroscopy
technique in which chromophores exist in asymmetric or exist in asymmetric
environment affect the spectrum. It has been widely uses in studying the biological
systems. Conformation of several macromolecules (polypeptides, proteins, DNA and
RNA) and their interactions with small molecules have been studied by CD [118].
Nucleobases itself do not give CD signal due to the planar shape of aromatic bases
while the presence of sugar molecules exhibit asymmetric structure which induce CD
signal. Electronic interaction increases base-base stacking along double helix structures
and consequently changes in orientations of sugar molecules either syn or anti give a
strong CD signals. As a result, each conformation of DNA A-form , B-fom, Z-form,
triplex or quadruplex has its own CD spectrum [118].
Generally, A-form is characterized by positive band around 260 nm and negative
peak at 210 nm which have similar spectra of poly[d (G)]. poly[d (C)] and RNAs in
duplex form [13, 118]. B-form is well known with a broad positive band at about 260280 nm and a negative peak at approximately 245 nm [120]. Z-form is verified by a
negative band at about 290 nm, a positive band at around 260 nm and a negative peak in
the range 195-200 nm [118]
GQ topologies can be defined by CD spectroscopy. For example, parallel
tetramolecular structures form a clear positive band at about 260 nm and a negative
band close to 240 nm. Bimolecular and unimolecular structures with external loops are
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characterized by a further positive peak at about 290 nm [121]. Obviously, parallel GQ
of DNA and RNA have very similar CD spectra with A-form. However, A-form has
strong negative band at 210 nm and both parallel GQ of DNA and RNA have positive
peak at same wavelength. As a result, both positive peaks at 210 nm and 260 nm are
indicative of quadruplex structures. Antiparallel GQ structureis characterized by
negative band around 265 nm and positive band at 295 nm[120]. Whereas, hybrid GQ
structure gives negative band at 240 nm and two positive peaks at 265 nm and 295 nm
[121] (Table 4). In fact, both the amplitude and position of peaks vary with different
sequences.
Table 4. Summarized features of CD spectra for different GQ topology [122]

Types of GQ
Wavelength

Tetramolecular

Unimolecular

Bimolecular

(nm)

parallel

antiparallel

/unimolecular

Hybrid

parallel
210

Positive

Positive

Positive

Positive

240

Negative

Positive

Negative

Negative

265

Positive

Negative

Positive

Positive

295

-

Positive

Positive

Positive

Although CD spectroscopy does not provide structural information at atomic
level, it has several advantages over NMR and X-ray crystallography. It is easy and fast
applied, it does not require large amount of samples and moreover, analysis can be
carried out in much shorter time. CD is very sensitive to very low concentration of DNA
and can be used with long oligonucleotides (3000-8000 base pairs) [76]. For example,
NMR and crystallography gives structural information for only small DNA molecules
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(24 bases) and protein (molecular weight < 20,000).In addition, CD spectroscopy can
deal with solutions as in physiological condition [118]. Furthermore, CD can correlate
between the results of

X-ray diffraction and infrared spectroscopy because it can

analyze samples in solutions and films forms using low concentration [123]. Infrared
spectroscopy (IR) can also analyze in solution and films, however it has low sensitivity
and required high concentration. While X-ray diffraction and NMR can analyze either in
solution or films form.

1.12 literature survey
Several studies have been performed to determine binding modes, binding
constants and conformational changes of DNA in aqueous solutions upon interactions
with metal ions. Stabilization and destabilization duplex DNA with metal ions are
dependent on the type of metal ion and its concentrations as well as its binding sites on
DNA.
Ahmed and coworkers have proven that alkaline earth metal ions Mg2+ and Ca2+
bind to ct-DNA on two binding sites with different binding constants. Ca+2 ions are
binding directly to phosphate groups with strong binding constant of (K = 4.80 X 105 M1

) and indirectly binding to N7 guanine bases with weak binding constant (K = 3.0 X

104 M-1). On the other hand, Mg+2 ions are indirectly binding to phosphate groups with
weak binding constant (K = 5.6 X 104 M-1) and directly binding to N7 of guanine bases
with a strong binding constant (K = 3.2 X 105 M-1). The molar ratios were of [M2+/
DNA(P)] were 1:640, 1:320, 1:160, 1:80, 1:40, 1:20, 1:10, 1:8 and 1:4 and no major
changes in B-form structure were observed during the interactions. [124] KanKia et al
reported that Mg2+ binds to DNA in the outer sphere while Ca2+, Sr2+ and Ba2+ bind in
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the inner sphere [125]. The sizes of metal ions were correlated with the changes in CD
spectra. They found that the changes in CD spectra of DNA increase as the cation radius
decrease. Because when the ionic radius increase more space will occupy in binding
distance and as a consequences less structural changes of DNA will occur. However, the
distance of only Mg2+ ions is noticed to increase due to the diameter of binding an extra
water molecule (Figures 17& 18) [125]. Pörschke also proved that Mg2+ ion binds to
outer sphere whereas Ca2+ ion binds to inner sphere with Poly (A) DNA [126]. Other
studies using crystallography [127, 128] as well demonstrated the outer sphere binding
of Mg2+. Granot et. al studied the interaction of divalent cations Mg2+, Mn2+ and Co2+
ions with the phosphate groups of DNA using

31

P-NMR. They emphasized the outer

sphere binding of Mg2+ in which there is no direct binding with phosphate group. While
with transition metal ions Mn2+ and Co2+, the paramagnetic ions, the inner sphere
complexes were formed through the directly coordination with the oxygen of phosphate
group. In fact, when very high concentration of Mg2+ ions are used, the binding mode of
Mg2+ ions shifted to inner sphere interaction 100%. Metal ions form inner sphere
complexes when losing at least one of their hydrated water molecules to coordinate
directly with the oxygen of phosphate group. In outer-sphere complexes, metal ions do
not lose their hydrated water molecules upon interactions with the phosphate group.
Competition studies using 31P-NMR proved that the binding rates of Mn2+ and Co2+ are
3-4 times stronger than Mg2+ ion. [129]
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Figure 17. CD spectra of DNA before the structural changes in dash line and after
addition of four alkaline-earth metal ions (Mg2+, Ca2+, Sr2+ and Ba2+), holding the ratio
between [M2+/DNA] = 0.77, in solvent 2 mM Hepes, pH 7.5 at 20⁰C [125]

Figure 18. Ellipticity of calf thymus DNA at 275 nm versus the cation radius of Mg2+,
Ca2+, Sr2+ and Ba2+ ions [125]
Transition metal ions Cu2+ and Cd2+ ions were found to form complexes with
DNA through the outer sphere interactions with nitrogen bases by Gelagutashvili [77].
Tajmir-Riahi and others showed that at low molar ratio of [Metal/DNA(p)] when
r ≤1/40, the interaction of transition metal ions copper and lead ions with ct-DNA was
shown to occur mainly with phosphate groups and enhance the stability of double
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helical structure by increasing base stacking. However, when the molar ratio exceeded
1/40, copper ions bound mainly to nucleobase through GC base pairs. Whereas lead ions
begin to bind with A-T base pairs at r >1/20. High concentration of lead ions were
required to denaturant and destabilize DNA than copper ions. No significant changes
were observed in B-form through the interactions of these ions with DNA [130].
Sasi and Nandi showed that Rh3+ ions bind to phosphate groups and lead to
stabilize ct-DNA at low concentration when molar ratio of [Rh3+ /DNA] < 0.4. While at
high concentration its bind with bases and destabilize DNA [131]. Similar findings were
observed with Au3+and Cu2+ ions [132, 133].
Affinities of transition metal ions were found to have direct and/or indirect
interactions towards phosphate group of DNA. Using FT-IR and FT-Raman
spectroscopy, Cr (III), Co (II), Cu (II) and Zn (II) ions were found to have direct and
indirect interaction with phosphate group. The direct affinity increased from left to right
of the period. Only Zn (II) was observed to have relativity similar direct and indirect
affinities towards phosphate group [134].
Structural transition of DNA by divalent metal ions was studied by Hackl et al.
They indicated that Mg2+ ions bind only with phosphate group while Cu2+, Zn2+, Mn2+
and Ca2+ ions bind with phosphate group and DNA bases. As a result, transitions of
DNA structure were formed during the interactions with these ions except with Mg2+
ion. The affinities of these ions toward DNA bases were found in the following order:
Cu2+ ≥ Zn2+ > Mn2+ > Ca2+ ≥ Mg2+ [135]. Stangret and Savoie reported that transition
metal ions Ni2+ also induce conformational transition of ct-DNA from the B-form to the
Z-form through the coordination with nucleobases. Simultaneously, Ni2+ ions is found to

36
form outer sphere interaction with the phosphate group through the water molecules
[136]. Similar transition from B- to Z-form was observed by Ridoux and others with
poly (A-T) [137] and by van de Sande and coworkers with poly (G-C) in presence of
Ni2+ ions [138]. Mn2+ and Co2+ ions as well induced the transition from B- to Z-form in
poly (G-C) [138].
Lee et. al demonstrated the formation of DNA complexes with transition metal
ions Zn2+, Co2+ and Ni2+ ions at pH above 8 upon the addition of these divalent cations
into the DNA. NMR studies showed that these complexes were formed through the
replacement of imino proton of T and G bases by these divalent ions along the helical
DNA. So, one proton is released by one metal ion per base pair during the formation of
M-DNA complex. For example, Zn2+ ion binds with N1of guanine and N3 of thymine
bases causing destabilization of the DNA double helical structures (Figure 19). Lower
concentration of Zn2+ and Co2+ were induced the precipitation of the complex than with
Ni2+ ion. Metal ions with ionic radii ≥ 0.7 Å have been found to form complexes with
DNA through nitrogen bases and ions with smaller radii < 0.7 Å (such as Mg2+ ion, 0.65
Å) prefer binding electrostatically with phosphate group [139, 140]. Rakitin and coworker emphasized the replacement of imino proton by Ni2+, Co2+ and Zn2+ ions in the
helical DNA [141].
In another study, Fe2+, Co2+ and Zn2+ ions were reported to form a stable
complexes with poly (dC)- poly (dG) duplex DNA by Alexandre and his colleges
through the replacement of imino protons. As a consequence DNA’s geometry may
changed upon the alteration in helix twist, propeller twist, and tilt angles through the
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binding. Tetrahedral geometry was found a favorable structure for metal ions
coordination with guanine and cytosine bases. [142]

Figure 19. Interaction of Zn2+ ions with Thymine and Guanine in double helical DNA
[139, 140]
Katz showed that Hg2+ ions bind covalently with nucleobases through forming
complex with two thymine bases in a chain-slippage process in which two bases from
two strands are brought together (Figure 20 ) [143]. Forming Hg2+-DNA complex did
not require high pH [89]. Large CD changes through the formation of Hg2+-DNA
complex displayed the structural transition from B- to Z- form DNA and more condense
structure formed [144, 145].

Figure 20. Structure of Hg2+ ion binding with thymine bases in two strands [143]
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KanKia et al showed that Co(NH3)63+ interact with ct-DNA (160 pb length) on
three steps. In the first step, it binds to phosphate group till the ratio
[Co(NH3)63+]/[DNA]= 0.25. In the second step, condensation process occurred at molar
ratio [Co(NH3)63+]/[DNA]= 0.25-0.3. At higher concentration, the complex is precipitate
in the third step. However, when longer ct-DNA (3000-8000 pb) was titrated with
Co(NH3)63+, only two stages were observed. The binding with phosphate group till
molar ratio [Co(NH3)63+]/[DNA]= 0.3 and precipitation at higher ratio. Thus,
condensation process was observed to much related with DNA length. Transition from
B-form DNA to new conformation after 0.25 molar ratio was reported in short DNA
sequence while no transition was noticed with long DNA sequence (Figures 21& 22).
Changes in CD spectra before the condensation process is relatively similar for short
and long DNA indicating that binding of Co(NH3)63+ with both type of DNA is similar.
From another experiment, they found that the positive changes in DNA’s volume and
compressibility indicating the binding of Co(NH3)63+ with short and long DNA through
dehydration process and the small positive enthalpy corresponded to direct binding with
phosphate group through the hydrogen bond between the cation and phosphate group
[76].
Eichhorn and Shin studied the interaction of metal ions with polynucleotides and
related compounds, and the effect of metal ions on DNA helicity. The effect was found
to increase in the sequence Mg2+< Co2+< Ni2+< Mn2+< Zn2+< Cd2+< Cu2+. This sequence
was deduced based on the findings that:
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1) The melting temperature of DNA increased with increasing metal
concentration. Some metals showed an increase followed by decrease in
Tm with increasing concentrations.
2) Capability of metal ions to bring about complete renaturation of DNA
increased from left to right.
3) Shift in the absorption maximum of DNA increased with the metals from
left to right
These factors have been shown to be dependent on the ability of metal ions to bind both
the phosphate and heterocyclic base sites. The ratio of affinity for base to phosphate was
found to increase from left to right. (Figure 23) [132]

Figure 21. (A) CD spectra of titrated 160 bpct-DNA with different concentration of
Co(NH3)63+. The molar ratio of [Co(NH3)63+/DNA] is(1) 0, (2) 0.098, (3) 0.197, (4)
0.216, (5) 0.256, (6) 0.275, (7) 0.295, (8) 0.314, (9) 0.334, (10) 0.353.DNAconcetration
= 3 mM in 5 mMCsCl, 0.2 mM Cs HEPES at pH 7.3. (B) CD spectra of 3000-8000
bpct-DNA in 5 mMCsCl, 0.2 mM Cs HEPES at pH 7.3 with different concentration of
Co(NH3)63+ increased by the line number increase range from 0- 0.37 [76]
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Figure 22. Titration of 160bp DNA and 3000-8000 bp DNA with Co(NH3)63+ using
Circular Dichroism (CD) at 270 nm [76]

Figure 23. Variation of Tm of DNA solution as a function of divalent metal ion
concentration [132]
Interactions of rare earth metal ions Nd3+ and Pr3+ ions with ct-DNA were
investigated using absorption spectroscopy and viscosity measurements by Devi and
Singh [146, 147]. Absorption spectra of Nd3+ exhibited hyperchromism and red shift in
presence of DNA. Viscosity measurements indicated that additions of Nd3+ decreased
the viscosity of DNA. The binding constant of Nd3+ with DNA was found 9.59 X 102 M-
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1

. Thermodynamic parameters indicated an entropy driven process in which Nd3+ only

interact with the phosphate groups on the molecular surface of DNA. Similar findings
were observed for the interaction of ct-DNA with Praseodymium ions. The absorption
spectra of Pr3+ exhibited hyperchromism without shifting in wavelength on increasing
the concentration of ct-DNA. The viscosity of rod-linked DNA was found to decrease
with additions of Pr3+ ions. These measurements indicated non-intercalative binding
mode between Pr3+ and ct-DNA and suggested a mixed hydrophobic and electrostatic
binding mode on negatively charged phosphate backbone of DNA along the double
helix. A binding constant of 5.18 X 102 M was reported.
Different binding modes were observed among the interactions with GQ
structures by various metal ions. The stability of GQ structures are correlated with the
type of metal ion, its concentrations and its binding sites. K+ and Na+ ions are the most
extensively studied cations with respect to their ability to stabilize GQ structures. The
monovalent cations Rb+, NH4+ and TI+ [94, 148-151] and divalent cations Sr2+, Ba2+ and
pb2+ [148, 152-157] have shown to promote GQ formation. Hardin and coworkers
demonstrated that divalent cations Mg2+ and Ca2+ ions stabilize tetramolecular parallel
GQs with the sequences d(CGCG3GCG) and d(TATG3ATA) more than monovalent
alkali cations [158, 159]. Chen showed that only 2 mM Sr2+ ions enhanced the formation
of intermolecular parallel GQ of d(G4T4G4T4G4T4G4) sequence more than in presence of
K+ [153]. Seo and coworkers studied the specific and nonspecific bindings of alkalineearth

divalent

metal

ions

to

the

thrombin-binding

aptamer

(TBA)

DNA

d(GGTTGGTGTGGTTGG) using electrospray ionization mass spectrometry (ESI-MS)
[160]. A single-stranded DNA d(AATTAATGTAATTAA) was used as a control for
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nonspecific binding. Both 1:1 and 2:1 metal–DNA complexes were detected. The 1:1
binding constant (K1) of Sr2+ or Ba2+ for TBA was three orders of magnitude greater
than their K1 for the control DNA, whereas K1 of Mg2+ or Ca2+ for TBA was
comparable to their K1 for the control DNA. On the contrary, the second binding
constant (K2) was nearly the same independent of the metal ion and DNA. Changes in
CD spectra indicated that Sr2+ and Ba2+ interact strongly with G4 TBA compared to
Mg2+ and Ca2+. Results suggested that the first binding of Sr2+ and Ba2+ to G4 TBA is a
specific while the second binding is nonspecific. All bindings of Mg2+ and Ca2+ are
nonspecific. The specific and nonspecific bindings of alkaline-earth metal ions to G4
TBA were further rationalized in terms of ionic radius, coordination number, and Gibbs
free energy of dehydration of the metal ion.
Marathias and Bolton studied the structures of potassium saturated 2:1 and 1:1
forms of quadruplex DNA. Potassium was found to stabilize the formation of chair- or
edge-type quadruplex structures. Structures of 1:1 and 2:1 (K+: quadruplex) of
d(GGTTGGTGTGGTTGG) have been determined using NMR and molecular dynamic
simulations. They found that K+ in each binding site interact with carbonyl oxygens of
both the loop thymine residues and the guanine residues of the adjacent quartet (Figure
24 ) [161, 162].
Liu and his colleges studied the spectral characteristics and the overall
conformation of a GQ of PS2.M DNAZyme with an oligonucleotide sequence,
d(GTG3TAG3CG3TTG2) using circular dichroism (CD) and ultraviolet-visible (UV–Vis)
spectroscopy. UV-melting curves demonstrated that the Pb2+-induced GQ. The UV
titration resulted in binding stoichiometry of Pb2+: PS2.M (2:1) suggesting that the Pb2+
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ions coordinate between adjacent G-quartets. Kinetic studies suggested that the Pb2+induced folding of PS2.M to G-quadruple through structural transition attributed to the
replacement of Na+ or K+ by Pb2+ ions and the generation of a more compact Pb2+–
PS2.M structure. Thus, Pb2+ ions has been justified to stabilize G-quaruplex structure by
increasing the melting temperature even more than K+ and Na+ ions as shown in (Figure
25) [36]. K+, Na+ and Pb2+ ions are most effective for inducing GQ formation. Their
different sizes affect their ability to locate in the center of the stacks of the G-quartets
and subsequently inducing GQ formation. Pb2+ ions are too large and at micromolar
concentrations, they strongly bind with the thrombin-binding aptamer (TBA), inducing a
unimolecular folded GQ. [36, 157, 163, 164].
Sr2+ ion has been also shown to intercalate between two G-quartet through the
TBA quadruplex structure cavity [165, 166].

Figure 24. The structure of the chair type quadruplex structure of d(GGTTGGTGTGGT
TGG) and the binding sites of two K+ ions (left).The arrangement of dG residues in each
quartet of the chair type is syn-anti-syn-anti (right) [161]
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Figure 25. UV melting temperature curves of 2.5 mM d(GTG3TAG3CG3TTG2) in
buffer solution (10mM MES/Tris, pH 6.1)in presence of 0.5mMPb(NO3)2 at 303nm, 50
mM of NaNO3 or KNO3 at 295nm [36]
Transition metal ions have also shown critical role in medicinal chemotherapy
[167-169]. Au+ is a soft ion prefers to bind with soft ligands such as thiols and
phosphines forming complexes as anti-arthritis drug with high toxic effect [170]. Au3+ is
a hard ion that prefers oxygens and nitrogens ligand [171]. Au3+ complexes recognized
to possess an antitumor agents [167, 169]. Copper and Silver compounds have proven to
be anti cancer agent with less side effect than traditional platinum-based drugs [169].
Iridium, Rhodium, ruthenium, Osumium, iron, platinum and palladium have similar
physical and chemical prosperities and gave anti cancer activities. Ruthenium, osmium,
iron are of the same group. Together with rhodium, palladium, iridium and platinum,
they are classified as the ‘Platinum group’. Special attention has been paid to ruthenium
compounds because they exhibit cytotoxicity against cancer cells. Ruthenium
complexes tend to accumulate preferentially in neoplastic masses in comparison with
normal tissue using transferrin, for its similarities with iron, to accumulate in the tumor.
Once bound to the transferrin receptor, the complex liberates ruthenium that can be
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easily internalized in the tumor. Next, Ru3+ complexes likely remain in their relatively
inactive Ru3+ oxidation state until they reach the tumor site. In this environment, with its
lower oxygen content and pH than normal tissue, reduction to the more reactive Ru2+
oxidation state takes place. This reaction, named ”activation by reduction“ would
provide not only a selective toxicity but also an efficacy toward hypoxic tumors known
to be resistant to chemotherapy and/or radiotherapy. Ruthenium compounds bind to
DNA affecting its conformation differently than cisplatin and its analogues. So,
ruthenium compounds have a pattern of cytotoxicity and antitumor activity that is
different from that of cisplatin tissue. Although the pharmacological target for antitumor
ruthenium compounds has not been completely identified, there is a large body of
evidence indicating that the cytotoxicity of many ruthenium complexes correlates with
their ability to bind DNA. Ru3+ compounds NAMI-A and KP1019 have entered clinical
trials anticancer drugs against as metastasis and colon carcinomas. Patients with various
types of solid tumors were treated with escalating doses of KP1019 (25-600 mg) twice
weekly for 3 weeks. No dose-limiting toxicity occurred [172].
Rhodium compounds have been reported to have antiviral, antibacterial and anti
cancer activities less toxicity than platinum metal complexes [131, 173-176]. However,
rhodium has demonstrated less effective as anti-cancer agent due to its toxicity.
Low concentrations of divalent cations were reported to initially stabilize GQ
while increasing concentrations eventually become destabilizing. Wei and coworkers
showed that micromolar concentrations of Zn2+ can induce Structural transition from the
random coil to quadruplex of AG3(T2AG3)3 based on changes in UV absorption and CD
spectra [177]. Random coil structure of 22AG is characterized by positive peaks around
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295 and 257 nm and a negative band around 235 nm. Formation of antiparallel GQ
structure by addition of Zn2+ ions was confirmed by the appearance of a new negative
peak at 266 nm (Figure 26). The binding stoichomerty of Zn+2 ions per each
AG3(T2AG3)3 molecule was found equal 4. As formation and stabilization of GQ inhibit
the telomerase enzyme, studying GQ structure stabilization by metal ions and ligands is
a promising strategy for the designers of anticancer drugs.
Miyoshi et al displayed the destabilization of the 50 µM d(G4T4G4) DNA with
antiparallel bimolecular GQ structure by 1mM concentrations Mg2+, Ca2+, Mn2+, Co2+
and Zn2+ in the following order: Zn2+ Co2+ Mn2+ Mg2+ Ca2+ in presence of NaCl
[178-180]. These divalent cations coordinate to the N7 of guanine that forming the
Hoogsteen hydrogen bond. Breakdown of H-bond with these ions induce destabilization
of G-quartet [178].
A

B

Figure 26. CD spectra of AG3(T2AG3)3in absences and presence of different
concentration of
Zn2+ions. The concentration of AG3(T2AG3)3 is 4 μM, and the
concentration of Zn2+ is (A) 0 (solid), 3 (dash), 9 (dot) and 15 μM (dash dot) or (B) 0
(solid),15 (dash),30 (dot), 45 (dash dot), 100 (dash dot dot) [177]
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However, it has been proven by ab initio calculation that these divalent cations
induce stabilization of Watson-Crick base pairs in the following order: Zn2+ Mg2+
Ca2+ Na+ Li+. These ions coordinated with N7 guanine that doesn’t contributing in Hbond formation of double helices [181]. Blume et al also showed that the existence of
divalent transition metal ions Mn2+, Co2+ and Ni2+ in millimolar concentration
destabilize GQ even in presence of K+ ion [182]. While micromolar concentration of
Mn2+ ions were founded to localize in grooves of thrombin-binding aptamer (TBA)
DNA and induce the stabilization of GQ [183]
Shi et al proved that Ru(II) complex, (dmb)2Ru(obip)Ru(dmb)2]4+, [(dmb = 4,4’dimethyl-2,2’-bipyridine) and obip (2-(2-pyridyl) imidazo] induce antiparallel GQ
structure (Figure 27) [184]. They found it highly selective towards GQ DNA rather than
double stranded DNA using Multiple DNA competition dialysis method (Figure 28).
Furthermore, this Ru(II) complex has been evident to inhibit the telomerase enzyme
with very slight or even no side effects toward the normal cell. The most earlier cancer
designed drugs such as anthraquinones, cationic porphyrins, fluorenones, and acridines
have low selectivity toward GQs and relatively high value of IC50 with micromolar
concentration. As a consequence, intensive studies have been conducted in order to
increase the selectivity of designed drugs and minimize the side effects.
Bhattacharjee et al found that ZnTMPyP4, Zn(II) 5,10,15,20-tetrakis (N-methyl4-pyridyl) porphyrin, induce and stabilize GQ structure of bimolecular human telomeric
d(TAGGG)2 in presence of K+ ion, while TMPyP4, CuTMPyP4 and PtTMPyP4 are not
induced the stability of GQ [185].
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Figure 27. CD titration spectra of 20 μM22AG with different concentration of
[(dmb)2Ru(obip)Ru(dmb)2]4+ in 10 mM Tris-HCl. (a) 0 μM, (b) 1μM, (c) 2 μM, (d) 4
μM, (e) 6 μM, (f) 8 μM, (g) 10 μM, (h) 12 μM, (i) 14 μM [184]

Figure 28. Selectivity test of [(dmb)2Ru(obip)Ru(dmb)2]4+complex toward different
DNA [184]
Lanthanides trivalent cations Tb3+ and Eu3+ ions can be typically stabilize GQs
and have been proven to induce GQ structures as well [186, 187]. Recently, Zhi-ze and
coworkers demonstrated that rare earth La3+ and Y3+-complexes also are selective to the
GQ DNA structure more than duplex DNA [188]
The main objective in our work was to study the interaction of trivalent metal
ions with human telomere random coil single strand and GQ DNAs as well as with
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double stranded calf thymus DNA. Understanding their mode of interactions, ability to
induce secondary order DNA conformations and stabilization of resultant structure are
vital goals of this study. This study can also shed light on the role of trivalent metal ions
on regulating the genes’ transcriptions and multiplication and consequently their
important biological role in the cells. It might be helpful in future designing of species
for anticancer treatment or of biological relevance. Our motivation for selecting the 9
trivalent metal ions (Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+) are the
following:
1- Their biological importance, since these metal ions exist as a trace ions.
2- They are hard ions with small size and high charges density so they act as
electrophiles.
3- They have high tendency to coordinate with DNA bases.
4- Most of their metal complexes showed anticancer effect, so choose these.
metal ions to evaluate their effect.
5- No fully investigated on these trivalent ions in literature, on contrary to
divalent metal ions.
6- Most of them have no toxicity at very low concentration.
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CHAPTER TWO
MATERIALS AND METHODS
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2.1 Materials and Reagents
Gold (III) chloride (AuCl3), cerium (III) chloride (CeCl3),osumium (III) chloride
(OsCl3), rhodium (III) nitrate (Rh(NO3)3), holmium oxide (Ho2O3), terbium oxide
(Tb2O3), gadolinium oxide (Gd2O3), dysprosium oxide (Dy2O3), samarium oxide
(Sm2O3), Tri-HCl, HCl, HClO4, NaOH were purchased from Sigma–Aldrich, Calf
thymus DNA prepared from male and female calf thymus tissue with molecular weight
of 10–15 million Daltons 41.9% G–C and 58.1% A-T linkages was purchased from
Sigma–Aldrich,

oligonucleotides

5’

AGGGTTAGGGTTAGGGTTAGGG,

were

purchased from Alpha DNA, Montreal Canada in a HPLC purified, Deionized water
was used throughout.

2.2 Apparatus
Absorption spectra were carried using agilent 8453 spectrometer UV-Vis (diod
array) and Varian cary 50 UV-Vis spectrophotometer. Spectra were recorded within the
range 200-800nm using 1 cm path length quartz cell at room temperature.
Fluorescence measurements were made using Shimadzu spectrofluorometer in 1
cm Helma cell. The excitation and emission slits were set at 10 and 5 nm respectively.
CD spectra were collected on an JASCO J- 815 CD spectrometer. Using a 1 cm
path length Helma quartz cell. Each sample spectrum was the averaged of three
spectrum scans accumulated over the wavelength range of 200-320 nm at the
temperature 25 °C with a scanning rate of 100 nm /min. The obtained spectra were
corrected by subtraction of a buffer spectrum.
Thermo Orion pH meter (model 420) was used to carry out our experiments.
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2.3 Preparation of standard solutions
2.3.1 Buffers
A 10.0 mM Tris-HCl buffer was prepared by dissolving 0.788 g of Tris into
500.0 ml deionized water and adjusting the pH by 0.1M HCl at 6.5, 7.4, 7.5 and 8.5. A
solution that is 10.0 mM Tris and 100.0 mM KCl was prepared by dissolving a 0.788 g
Tris and 3.7275g KCl into 500 ml deionized water and adjusting the pH to 7.4 using
0.1M HCl.

2.3.2 DNA solutions
A 1000 ppm Calf thymus DNA stock solution was prepared by dissolving 0.01g
ct-DNA in 10.0 ml deionized water. The solution was kept overnight at 4 ⁰ C. Molar
concentration was calculated assuming a molecular weight of 10 million Daltons for ctDNA.
Single stranded and quadruplex DNAs were prepared by centrifugation of ssDNA telomere –AGGG(TTAGGG)3 –at 2000 rpm for 10 min. A 2.0 ml Tris-HCl buffer
pH 7.5 were added to prepare single strand DNA while 2.0 ml Tris-KCl buffer pH 7.4
were added to prepare GQ DNA. The vials heated to 90 ⁰C for 10 min, left to cool at
room temperature and then kept overnight at 4 ⁰C before use.
Concentrations of resultant stock DNA solutions were determined by diluting
10.0 µL using Tris-HCl buffer pH 7.5 or Tris-KCl buffer pH 7.4 to a final volume
1000.0 µL. The resultant solution was vortexed for 15 s and its absorbance was
measured at 260 nm and 280 nm. The concentration of DNA was calculated using the
equation:
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Conc.(ppm) = A260 x weight per OD x Dilution factor
Where OD is the optical density at 260 nm.
The purity of the oligonucleotide was tested by calculating the ratio A260/A280.
Factors ≥1.8 were obtained indicating high purity for synthetic and natural DNA used.

2.3.3 Metal ion solutions
Oxides of holmium (Ho2O3), terbium (Tb2O3), gadolinium (Gd2O3) and
dysprosium (Dy2O3) were converted into the chloride salts by adding diluted HCl drop
by drop to stirred solutions of oxides till the solutions become clear. Samarium
perchlorate (Sm(ClO4)3) was prepared similarly by adding diluted HClO4 to samarium
oxide (Sm2O3). Resultant solutions were evaporated till dryness and dried solids were
collected and kept in a desiccator till use.
Gold (III) chloride, Rhodium (III) nitrate, Osmium (III) chloride and Cerium
(III) chloride were purchased from sigma aldrich and used as it is. Stock standard
solutions of metal ions were prepared by dissolving accurate weight of the salts in
deionized water.

2.4 Metal ions - DNA interactions
2.4.1 UV- Visible experiments
Effect of pH on trivalent metal ions was tested using 10.0 mM Tris-HCl buffer at
pH 6.5-8.5. Interactions of trivalent cations with 4x10-6 M AG3(T2AG3)3 were studied in
absence and in presence of K+ ion.
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A 4x10-6 M AG3(T2AG3)3 in either 10.0 mM Tris-HCl buffer, pH= 7.5, or 10.0
mM Tris-KCl buffer, pH= 7.4 were titrated with different concentrations of trivalent
cations.
Osmium and terbium ions were titrated using different increments of DNA
concentrations. In these experiments, Os3+ (2.5 x10-5 M) in 10.0 mM Tris-KCl buffer,
pH= 7.4 was titrated with AG3(T2AG3)3 (1.3 x10-4 M) (0- 80µl) and Tb3+ ions (2.5x10-3
M) in 10.0 mM Tris-HCl buffer, pH= 7.4 was titrated with 100.0 ppm ( 10-8 M) ctDNA (0-60 µl).

2.4.2 CD experiments
CD spectra of ct-DNA, human telomere single stranded and quadruplex DNA in
10.0 mM Tris-HCl (pH 7.4), Tris- KCl (pH 7.4) or Tris-HCl (pH 7.5), respectively were
collected using J-815 JASCO CD spectrometer. The instrument was kept flushed with
pure nitrogen during the experiments.
The effect of time on CD spectra was investigated by mixing 2.0 µl of 1x10-2M
metal ion with 50 ppm ct-DNA or 2.0 µl of 5.0x10-4M metal ion with 4x10-6M GQ. The
solutions were monitored up to 60 min.
A 4x10-6M random coil ssDNA, GQ structure and 50 ppm (5x 10-9 M) ct- DNA
were titrated with trivalent cations till almost no changes obtained, indicating saturation
level. A 5 min incubation time intervals were applied after each addition in CD
titrations. Dilution factor was corrected through all measurements.
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2.4.3 Fluorescence experiments of Tb3+ ion
Tb3+ ion was chosen among nine metal ions to study its effect on ct-DNA and GQ
DNA using fluorescence. Emission spectra of Tb

3+

ions were measured using excitation

wavelength (λex) = 220 nm.
Interaction of Tb3+ ions with ct-DNA was studied by titrating a 10-5 M Tb3+ ions
with 100 ppm ( 10-8 M) ct-DNA (0-400 µl) in 10.0 mM Tris-HCl buffer, pH= 7.4.
Interaction of Tb3+ ions with GQ was studied by titrating 10-5 M Tb3+ ions with
1.27x10 -4 M GQ (0-50 µl) in 10.0 mM Tris-KCl buffer, pH= 7.4
The effect of Gd3+ ions on luminescence of Tb3+-GQ complex was studied by
titrating the complex formed by mixing 10-5 M Tb3+ ion with 1.88x10-6 M GQ with 10-5
M Gd3+ ions (0-220 µl). Measurements were made in 10.0 mM Tris-KCl buffer, pH=
7.4.
Effect of GQ’s addition on co-luminescence of Gd3+ and Tb3+ ions was studied
by titrating a mixture of Tb3+ and Gd3+(10-5 M each) with 1.27x1-4 M GQ (0-80 µl).
Measurements were made in 10.0 mM Tris-KCl buffer, pH= 7.4. Emission spectra were
recorded using excitation wavelength (λex)= 220 nm (absorption λmax of Tb3+).

2.4.4 Determination of binding coefficients
Binding constants of trivalent cations with nucleic acid were calculated using
Scatchard equation based on CD titration measurements [124, 189]:

Rf/[cation]= Kb _ KbRf

(1)

where Rf is the average number of cation bound per one binding site of nucleic acid and
can be calculated by the equation: Rf =(h - ho)/ (hs-ho), h is the peak height after each
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addition of cation concentration ho and hs represent the peak heights of nucleic acid in
absence of cation and at saturation with cation, respectively.
Binding affinity (K) was also calculated using UV-Visible spectrophotometry
based on equation 2 [190]. A 3.0 ml of 50 ppm (5x10-9M) ct-DNA was titrated with 10-2
M metal ions (0-40 µl).

(2)

where A0 and A are the absorbance of DNA in absence and presence of trivalent cations
at 260 nm, A∞ is the ﬁnal absorbance of M3+−DNA. A plot of 1/(A-Ao) versus 1/[M3+]
give straight line whose ratio of intercept to the slop gives the binding constant. All
spectra were corrected for dilution effect.
3+

Binding constant (Kb) of Tb with ct-DNA was also calculated using equation 3
based on UV-Visible absorption measurements:

(3)
Ao and A are the absorbance of Tb

3+

in absence and in presence of DNA. T and T-D

are their absorption coefficients, respectively. The term T and T-D represent Tb (III) and
Tb-DNA, respectively. Kb can be easily determined by the plot of Ao/(A- Ao) versus
1/[DNA] which is equal to the ratio of intercept to the slope. [146, 147]
Scatchard modified equation 4 was also used to calculate the binding affinity of
Tb3+ ion towards ct-DNA and GQ using fluorescence spectrometer:

r/Cf = K(n - r)

(4)
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where r is the number of moles of Tb3+ ion bound to one mol of ct-DNA or GQ
(Cb/CDNA), n is the number of equivalent binding sites and K is the binding affinity of
Tb3+ ion toward the binding sites, Cf and Cb are the concentration of free and bound
Tb3+ ion, respectively. Cf= C (1-α) and Cb= C- Cf, where C is the total concentration of
Tb3+ ion and α is the fraction of bound Tb3+ ion and equal to (Ff - F)/(Ff - Fb), where Ff
and Fb are the fluorescence of free and fully bound Tb3+ ion at 547 nm, respectively and
F is the fluorescence after certain addition of DNA at 547 nm through the titration.
The binding stoichiometric ratio (binding coefficient) is obtained by the plot of
the absorbance through the addition of trivalent cation verses the molar ratio of the
cation to ct-DNA, ssDNA and GQ DNA at 275, 265 and 293 nm ,respectively [177].
2.4.5 Selectivity coefficients of trivalent metal ions’ interaction with DNA
+

Effect of K ions on the interaction of trivalent ions with DNA was estimated
based on CD measurements. A 1:1 (M3+: DNA) prepared by mixing a trivalent ion with
random coil ssDNA (4x10-6 M each) was mixed with 100,1000 and 10,000 folds of KCl.
All measurements were made in 10.0 mM Tris-HCl buffer, pH=7.5.
If the signals (Ssample) measured in absence and presence of interfering ion are
given by equations 5 and 6:

Ssample = KACA

(5)

Ssample = Si + SA = KiCi + KACA

(6)
+

Where Ki and KA are the slopes of the calibration curves of the interfering ion (K ion)
and the investigated ion (trivalent ion), Ci and CA are the concentrations of the
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interfering and investigated species, Si and SA are the signals of interfering and
investigated species, respectively.
The selectivity coefficient is determined using equation 7.

KA,i=Ki/KA

(7)

2.4.6 Melting temperature curves
Melting temperature curves of ct-DNA and GQ structures in absence and
presence of trivalent ions were obtained using CD measurements. Melting temperatures
of single strand random coil DNA in presence and in absence of Gd3+ ion were
determined.
To determine melting temperature curve of ct-DNA, A 3.0 ml of ct-DNA (50.0
ppm; 5x10-9 M) in 10.0 mM Tris-HCl buffer, pH=7.4, was heated (25-98 °C) and its
CD was recorded at 275 nm using 5 min time intervals after each temperature.
Effects of trivalent ions on melting temperature (Tm) of ct-DNA were estimated
by recording the melting temperature curves of complexes formed by mixing ct-DNA
(50 ppm, 5x10-9 M) with trivalent ions (5 ppm) in 3.0 ml of 10.0 mM Tris-HCl buffer,
pH=7.4. CDs of resultant solutions at 275 nm were measured by applying 5.0 min time
interval after each temperature in the range 25-98 °C. Different molar ratios of M3+ to
DNA are illustrated in Table 5.
Similarly Tm of GQ was determined in absence and presence of trivalent ions
using 1 ml of 4x10-6 M 22AG in10 mM Tris-KCl buffer, pH=7.4 over the temperature
range 25-98 °C. Tm of GQ in presence of trivalent ions were recorded using 1:1
(M3+:GQ) in 10.0 mM Tris-KCl buffer, pH=7.4.
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Effect of temperature on random coil ssDNA was evaluated by measuring the CD
spectra of 1 ml of 22AG (4x10-6 M) in 10.0 mM Tris-HCl buffer, pH=7.5. Melting
temperature curve of 1:1 (Gd3+ :random coil DNA) was determined in 10.0 mM TrisHCl buffer, pH=7.5. Tm values obtained were compared with Tm values of M3+-GQ
complexes obtained in presence of K+.
3+

Table 5. Concentrations of M ions, molar ratio and number of ions per ct-DNA base
pairs used in recording melting temperature curves. Concentration of ct-DNA used is
5x10-9 M
Complex

M3+ ion conc. (M)

Molar ratio (r)

Molar ratio (r)
[M3+/ ctDNA pb]

[Ce3+/ct-DNA]

3.57 X 10-5

7136.94

0.481744

[Sm3+/ct-DNA]

3.32 X 10-5

6650.70

0.448922

[Gd3+/ct-DNA]

3.18 X 10-5

6359.30

0.429253

[Tb3+/ct-DNA]

3.15 X 10-5

6292.26

0.424728

[Dy3+/ct-DNA]

3.08 X 10-5

6153.85

0.415385

[Ho3+/ct-DNA]

3.03 X 10-5

6063.17

0.409264

[Au3+/ct-DNA]

2.54 X 10-5

5077.00

0.342698

[Os3+/ct-DNA]

2.63 X 10-5

5256.79

0.354833

[Rh3+/ct-DNA]

4.86 X 10-5

9717.65

0.655942

2.4.7 Effect of time on formation of Metal- DNA complex
Effect of time on CD spectra of M–ct-DNA and M-GQ complexes was studied
by preparing complexes with the molar ratios given in Table 5 or 1:1 M–GQ. CD
spectra of resultant mixtures were recorded up to 48 hours. Gadolinium and Gold
complexes of random coil DNA were prepared similarly (1:1 molar ratio) and their CD
spectra were recorded up to 48 hours. Effect of time in presence and absence of K+ ions
was also tested.
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CHAPTER THREE
RESULTS AND DISCUSSION
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3.1 UV/Vis spectral studies on interactions of trivalent metal ions with DNA
The purines and pyrimidines bases of DNA give abroad absorbance band at
260nm originate from n→π* and π →π* transitions. Interactions of metal ions with
DNA bases result in changes in absorbance and/or spectral shift of this band. In this
chapter, the effect of pH on the absorbance of metal ions was studied using UV-Vis
spectroscopy. Then, interactions of the rare earth and trivalent heavy metal ions; Ce3+,
Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+; with single random coil DNA was
studied in absences of K+ ions and with GQ DNA in presence of K+ ions.

3.1.1 Effect of pH on absorbance of trivalent metal ions
Behaviors of Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+ at the
physiological pHs 6.5-8.5 were tested in 10.0 mM Tris-HCl buffer using UV-Vis
absorption spectroscopy. Figures (29-37) show the effects of pH changes on UV-Vis
spectra of Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+ ions from their
chloride, perchlorate or nitrate salts.
UV-Vis spectrum of the rare earth Ce

3+

ions (CeCl3) is shown in figure 29. Split

peaks at 220, 255 and 300 (sh) are observed. Intensities of the 220 and 255 nm bands
were found to decrease by increasing the pH whereas that of the 300 nm shoulder was
increased and red shifted. Figures 30 and 34 show UV-Vis spectra of Sm(ClO4)3 and
HoCl3 in Tris-HCl buffer pH 6.5-8.5. Spectra enriched in fine structures were obtained.
Sm

3+

ions showed peaks around 210, 280, 400 and 460 nm. Ho

3+

ions showed peaks

around 235, 280, 360, 410, 450, 475, 540, and 650 nm. These bands were not affected
by changing the pH in the range 6.5-8.5. Figure 31 shows the UV-Vis spectrum of Gd

3+
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ions from GdCl3. A shoulder at 275 nm was not affected by changing the pH. A single
band at 220 nm of Tb3+ ions (TbCl3) was affected by 0.2 absorption unites from 0.8-0.6
while Dy3+ ions (DyCl3) was not much affected by changing the pH from 6.5 to 8.5
(Figures 32 and 33) (Table 6). Noticeably, absorption band of 2X10-3 M Dy3+ is very
weak in 10.0 mM Tris-HCl buffer [191].
Gold chloride gave an absorption band at 220 nm, clearly decreased with
increasing the pH from 6.5 to 8.5 (Figure 35). Figure 36 shows the effect of pH on
osmium chloride salt. Three bands at 220, 280 (sh) and 360 nm are observed. Intensities
of the three bands affected slightly by increasing the pH from 6.5 to 8.5. These
decreases were associated with slight red shift for the 220 band. UV spectra of rhodium
(III) nitrate showed a UV band at 205 nm whose intensity slightly decreased and shifted
to 210 nm upon increasing the pH (Figure 37) (Table 6). [191]
These results indicated slight effects of pH on absorption spectra of investigated
trivalent metal ions. Slight red shifts were observed for Sm3+ and Au3+, Rh3+ ions
whereas no change in max of Ce3+,Gd3+,Tb3+, Ho3+ and Os3+ were observed.
Generally, rare earth ions are characterized by narrow and well defined absorption
peaks little affected by the type of ligands and solvents associated with the metal ion.
The reason is simply attributed to the involvement of f-f transitions. F orbitals are
screened from external influences by electrons occupying the orbitals with higher
principal quantum numbers [191]. However, Ce3+, Sm3+ and Ho3+ ions give more than
one absorbance band as illustrated in Figures 29, 30 and 34 and Table 6.
In general, transition metal ions such as Au3+, Os3+ and Rh3+ showed broader absorption
bands that are more affected by the pH change at lower concentrations compared to the
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rare earth metal ions Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+.The reason is attributed to
the involvement of d electrons in d-d orbitals’ transitions during their absorption. D
orbitals are outer and strongly influenced by chemical environmental factors with
respect to f orbitals. [191]
Overall, the pH changes in the range 6.5-8.5 have slightly affected the UV-Vis spectra
of investigated trivalent metal ions. Since pH 7.5 represents the physiological pH where
duplex and quadruplex DNA are having the utmost stability, pH 7.5 was chosen to
conduct our interaction experiments between these metal ions and DNA.
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Figure 29. UV-Vis absorption spectra of Ce3+ ions from CeCl3 (7.5x10-4 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 30. UV-Vis absorption spectra of Sm3+ ions from Sm(ClO4)3 (2.5x10-2 M) in
10.0 mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 31. UV-Vis absorption spectra of Gd3+ ions from GdCl3 (3.9x10-2 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 32. UV-Vis absorption spectra of Tb3+ ions from TbCl3 (2.5x10-3 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 33. UV-Vis absorption spectra of Dy3+ ions from DyCl3 (2.0x10-3 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 34. UV-Vis absorption spectra of Ho3+ ions from HoCl3 (3.0x10-2 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 35. UV-Vis absorption spectra of Au3+ ions from AuCl3 (5.0x10-5 M) in
10.0mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 36. UV-Vis absorption spectra of Os3+ ions from OsCl3 (8.0x10-5 M) in 10.0
mM Tris-HCl buffer in the pH range 6.5-8.5
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Figure 37. UV-Vis absorption spectra of Rh3+ ions from Rh(NO3)3 (4.0x10-5 M) in
10.0 mM Tris-HCl buffer in the pH range 6.5-8.5
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Table 6. Changes in absorbance and max of trivalent metal ions in 10.0 mM Tris-HCl
buffer at pHs 6.5 -8.5
Metal
ion

Absorbance (A) and (λmaxnm)

M3+ conc. (M)
pH 6.5

pH 7.5

pH 8.5

Ce3+

7.5 X10-4

0.501 (255 nm)

0.411 (255 nm)

0.340 (255 nm)

Sm3+

2.5 X10-2

0.434 (205 nm)

0.313 (210 nm)

0.259 (215 nm)

Gd3+

3.9 X10-2

0.157 (275 nm)

0.163 (275 nm)

0.166 (275 nm)

Tb3+

2.5 X10-3

0.81303

Dy3+

2 X10-3

Ho3+

3.0 X10-2

0.264 (235 nm)

0.252 (235 nm)

0.279 (235 nm)

Au3+

5.0 X10-5

0.954 (215 nm)

0.807 (220 nm)

0.717(215 nm)

Os3+

8.0 X10-5

0.470 (360 nm)

0.487 (360 nm)

0.453 (360 nm)

Rh3+

4.0 X10-5

0.994 (205 nm)

0.882 (210 nm)

0.857 (210 nm)

nm)

(220 0.71321 (220 nm)

-

-

0.5865 (220 nm)
-

3.1.2 Interactions of trivalent metal ions with human telomere random coil DNA
Interactions of the nine trivalent metal ions Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+,
Au3+, Os3+ and Rh3+ with human telomere random coil single stranded DNA,
AG3(T2AG3)3, were studied using UV-Vis spectroscopy. Random coil Single stranded
DNA gives two absorption bands at 210 nm and 255 nm. The 255 nm band is attributed
to the n-* and -* transitions of the guanine and adenine bases.
Figures 38-46 show the UV-Vis titration of human telomere random coil single
stranded DNA with Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+ ions.
Additions of the rare earth trivalent ions Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+ have
shown to decreas the molar absorption cofficient of human telomere random coil single
stranded DNA (AG3(T2AG3)3) at 210 and 255 nm. These decreases were clearly
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associated with blue shifts of the 255 nm band (Figures 38-43). On contrary, additions
of Au3+, Os3+ and Rh3+ metal ions have shown to increase the absorption intensities at
210 and 255 nm with slight red shifts to the 210 nm band and slight blue shifts to the
255 nm band. Addition of Os3+ ions has also resulted in increasing the intensity of the
absorption at 360 nm band belonging to Os3+ ions. These results clearly indicated
significant interactions between all investigated metal ions and human telomere random
coil ssDNA bases in AG3(T2AG3)3.
Figures 38-43 show the effects of adding Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+
ions to human telomere random coil ssDNA. The intensities of the bands at 210 and 260
nm have significantly decreased by increasing the metal ion concentrations. These
alterations in molar absorptivity of DNA are associated with shifts in max to slightly
shorter wavelengths. These results clearly indicate that trivalent lanthanide ions are
binding to the DNA bases through intercalation binding modes.
Gang Wu et al have pointed out that trivalent lanthanide metal ions can facilitate
the transformation of G rich DNA single stranded to the G-quartet structures [95]. A
triple-decker G dodecamer containing a single metal ion in the central G-quartet was
verified in presence of lanthanide metal ions. This triple-decker cluster is quite stable
due to the very strong ion dipole interactions between trivalent cations and O6 carbonyl
oxygen atoms from the guanine bases. They also suggested that the G-quartets
containing trivalent cations are more closely stacked than those containing mono- and
divalent cations which further enhance the stability of the stacking G-quartets in the
former ones.
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Our results for interactions of Au3+, Os3+ and Rh3+ transition ions with random coil
ssDNA (AG3(T2AG3)3) are similar to the findings obtained by Sasi and Nandi on Rh3+
ions’ interaction with ct-DNA [131]. However, interactions of Au3+, Os3+ and Rh3+ ions
with human telomere random coil ssDNA are much faster than those reported with ctDNA. Alterations in the intensity of the UV band at 260 nm upon addition of Rh3+ ions
to ct-DNA were correlated with binding the metal ions to purines and pyrimidines bases
of ct-DNA. However, binding of Rh3+ to the phosphate was considered more
predominant at low metal ions’ concentrations. A confirmation for binding with bases
was obtained by the red shifts in ct-DNA UV spectra. These shifts are obtained by
disrupting the hydrogen bonds between base pairs and consequent binding of Rh3+ to the
bases resulting in shifts in the positions of max. Similar results were reported for
Au3+and Cu2+ binding with DNA [132, 133, 192].
Thus, it seems that Au3+, Os3+ and Rh3+ ions bind with random coil ssDNA
(AG3(T2AG3)3) through intercalation on pyrimidine and purine bases. Electrostatic
interaction with phosphate backbone might have occurred at high molar ratio
[M3+/DNA]. Additions of Rh3+ ion induced the lowest absorption intensity change
among Au3+and Os3+ ions.
Figures 38-46 indicate that absorption intensity of random coil ssDNA at 210 and
260 nm continue to decrease or increase by additions of trivalent ions up to at molar
ratios r of 38-62, [M3+]/[DNA]. This could be explained based on mixed interactions of
trivalent metal ions with guanine bases, external loops and/or phosphate backbone. GQs
DNA of AG3(T2AG3)3 sequence was proved to accommodate two metal ions per
molecule. The two metal ions are localized in the interstitial planes and coordinate with
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the guanine N and carbonyl O within the cavities between the three G-tetrads. Excess
metal ions may bind either with the external loop and/or phosphate backbone similar
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Figure 38. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Ce3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 26, 32, 38, 44, 50, 60, 70, 80, 90,
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Titration was run in 10.0 mM Tris-HCl, pH 7.5 at room temperature
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Figure 39. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
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Figure 40. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Gd3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350, 400, 450 and 500 µl). Titration was run in 10.0 mM TrisHCl, pH 7.5 at room temperature
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Figure 41. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Tb3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 26, 32, 38, 44, 50, 60, 70, 80, 100,
120, 140, 160, 180, 200, 260 and 300 µl). Titration was run in 10.0 mM Tris-HCl, pH
7.5 at room temperature
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Figure 42. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Dy3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350, 400, 450 and 500 µl). Titration was run in 10.0 mM TrisHCl, pH 7.5 at room temperature
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Figure 43. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Ho3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 22, 26, 30, 34, 42, 52, 62, 82, 102, 122,
142, 162, 182, 202, 222, 242, 262, 282, 302, 322 and 342 µl). Titration was run in 10.0
mM Tris-HCl, pH 7.5 at room temperature
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Figure 44. UV-Vis absorption spectra of AG3(T2AG3)3 DNA (4x10-6 M) titrated with
Au3+ (5x10-4 M; (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 26, 32, 38, 44, 50, 70, 90, 110, 130,
150, 170, 190, 210, 230, 250, 300, 350 and 400 µl). Titration was run in 10.0 mM TrisHCl, pH 7.5 at room temperature
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Figure 45. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Os3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 20, 30, 40, 60, 80, 100, 150, 200, 300 and 400 µl).
Titration was run in 10.0 mM Tris-HCl, pH 7.5 at room temperature
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Figure 46. UV-Vis absorption spectra of AG3(T2AG3)3DNA (4x10-6 M) titrated with
Rh3+ (5x10-4 M; 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 100, 140, 180, 220, 260, 280, 300,
350 and 400 µl). Titration was run in 10.0 mM Tris-HCl, pH 7.5 at room temperature

420

80
3.1.3 Interactions of trivalent metal ions with human telomere GQ DNA
Human telomeric DNA consists of tandem repeats of (TTAGGG) fold to form
GQs. Stabilization of GQ was shown to inhibit the activity of telomerase enzyme and
therefore has become an attractive target for developing anticancer therapeutic agents.
Subsequently, GQ structures formed under physiological conditions are of high
importance.

A

multiple

different

GQ

conformations

mixed

hybrid-type

(parallel/antiparallel) and basket-type structures was suggested for the 22 bases
d[AGGG(TTAGGG)3] sequence in K+ solution contain three G-tetrads, connected
consecutively with either double-chain-reversal side loop and two lateral loops
consisting of TTA (in hybrid-type) or connected with one diagonal and two lateral TTA
loops (in basket-type). Xu and coworker confirmed the formation of mixtures GQ
conformations hybrid-type and chair-type instead of basket-type. Basket-type and chairtype are anti-parallel structures and give similar CD spectra while the difference is in
folding topology where chair-type consist of three lateral TTA loops and does not form
diagonal loop as in basket-type. This mixtures of multiple GQ conformations appear to
be predominant for the 22 bases telomeric sequence and most likely of pharmacological
relevance. This distinct folding topology suggested that this GQ structure can be
specifically targeted by GQ interactive small molecule drugs. [39, 40]
In our experiments, GQ conformation was formed from human telomere DNA
sequence AG3(T2AG3)3 in Tris-KCl buffer pH= 7.4 in presence of K+ ions by suitable
heat treatment. A hybrid parallel/antiparallel conformation was confirmed using CD
spectral measurements.
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Figures 47, 50-57 show the UV-Vis titrations of formed GQ structure
(AG3(T2AG3)3) with trivalent metal ions. Two absorption bands around 210 and 255 nm
are identified. Additions of the lanthanides trivalent ions; Ce3+, Sm3+, Gd3+, Tb3+, Dy3+
and Ho3+ to GQ in the molar ratios 0.0 to 50.7 ([M3+]/[DNA] decreased the absorption
intensity (Figures 47, 50-54). On contrary, additions of Au3+, Os3+ and Rh3+ increased
the absorption intensity at both wavelengths (Figures 55-57). These changes clearly
indicated interactions between investigated trivalent ions and GQ.
According to Juskowiak and coworkers, Tb3+and Eu3+ ions interact with GQ of
human telomeric sequence d(G3T2AG3T2AG3T2AG3), (htel21), through encapsulation of
ions in the central cavity of quadruplex core [186]. The complexes formed possess
antiparallel strand orientation, similar to sodium-quadruplex. At low Tb3+ concentration
(8 µM) Tb3+/htel21, a highly stable structure (5x106 M-1) with stoichiometry 5–7 Tb3+
ions per one quadruplex molecule is formed. Two Tb3+ ions were assumed to be
accommodated into the cavity of quadruplex and the remaining 3-4 Tb3+ions bind
probably to TTA loops of quadruplex. At higher concentration of Tb3+ (10 µM)
excessive binding of Tb3+ ions result in structure’s transformation into different
organized assembly that destabilizes quadruplex by possessing multiple positive charge.
Displacement of Tb3+ ion by alkali metal ions is dependent on the type of ions and
concentrations of both Tb3+ and alkali ions and increase in the order Li+> Na+> K+ that
correlates with their binding affinity to G4 structure.
This might be understood since the ionic radius of Tb3+ (0.923 A) is smaller than
that of Li+ (0.76A), Na+ (1.02 A) and K+ (1.38 A) ions using coordination number six
[193]. These results are also similar to the results obtained by Bunzli on Ca2+ and Zn2+
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ions’ interactions with DNA [98]. He demonstrated that both ions coordinate through
the cavities of GQ structures. Ionic radii of Ca2+ and Zn2+ ions are comparable to
investigated lanthanide ions Ce3+= 1.01 A, Sm3+= 0.958 A, Gd3+= 0.938 A, Tb3+= 0.923
A, Dy3+= 0.912 A, Ho3+= 0.901 A are comparable to Ca2+(1.00 A) and Zn2+(0.740 A)
ionic radii using coordination number six [193].
Figure 47-49 show titration of GQ DNA by Ce3+ ions. Absorption intensity of GQ
increased upon initial additions of Ce3+ (up to 10 µl of 5x10-4 M), followed by
continuous decrease with increasing Ce3+ ions’ concentration (up to 400 µl of 5x10-4 M).
This behavior indicated an interaction mode between Ce3+ ions and GQ based on
binding with guanine bases in the interstitial planes of G-tetrads, similar to all other
trivalent lanthanides ions. The initial increase in absorption intensity at 260 nm can be
attributed to the fact that Ce3+ ions exhibit an absorption band at 255 nm which overlays
with the DNA at 260 nm.
Figures 55-57 show the UV-Vis titrations of Au3+, Os3+ and Rh3+ ions using 5 min
incubation intervals after each addition. On contrary to lanthanide metal ions, additions
of the three metal ions have slightly increased the absorption intensity of GQ at 260 and
210 nm. The band at 210 nm also showed slight red shift upon additions of Au3+ (0-400
µl, 5x10-4 M), Os3+ (0-400 µl, 5x10-4 M) and Rh3+(0-600µl, 5x10-4 M) ions
Our results on Au3+, Os3+ and Rh3+ interactions with GQ seems similar to that with
random coil ssDNA (AG3(T2AG3)3) previously discussed (section 3.1.2). Interactions of
the three ions with human telomere GQ seems slow similar to ct-DNA and opposite to
random coil ssDNA. Alterations in UV-Vis spectral bands of GQ at 260 nm upon
addition of Au3+, Os3+ and Rh3+ ions indicated intercalation modes based on binding
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with guanine bases in the G-quartet planes mixed with electrostatic interaction on
phosphate backbone. Additions of Os3+ and Rh3+ ions induced smaller changes in
absorption intensity compared to Au3+. Slow replacement of K+ ions within the GQ by
the three trivalent transitions ions might be attributed to the large differences in ionic
sizes. K+ ion has ionic radius of 1.38 A while as the ionic radii of Au3+ is 0.85 A, Os3+ is
~ 0.70 A and Rh3+ is 0.665 A using coordination number six [193].
Titration of GQ (4x10-6 M) with Os3+ ions (2-400 µl; 5x10-4 M) showed slight
change in molar absorptivity at the 260nm band of DNA and significant increases in the
molar absorptivity at the 375nm band belonging to OsCl3(Figure 56). Reversed titration
of Os3+ ions (2.5x10-5 M) with GQ (2-80 µl; 4x10-6 M) is shown in Figure 58. While the
Os3+ band at 375nm clear unchanged, the molar absorptivity of the 260nm band of DNA
has increased upon addition of GQ. These experiments confirm a slow interaction
process between Os3+ ions and GQ DNA. Os3+ ions initially interact electrostatically
with phosphate backbone at low concentrations followed by a slow replacement process
of K + ions in G-quartet cavities at high concentrations. The fast interaction processes
observed during the titration of random coil (4x10-6 M) with Os3+ ion (2-400 µl; 5x10-4
M) can be attributed to the fact that the DNA molecule is single stranded and the
absence of replaceable K+ ions. Thus Os3+ seems to electrostatically bind to the outer
surface of GQ DNA at low concentration and by coordination with the pyrimidine and
purine bases at high concentration in a slow fashion processes. Further experiments will
be conducted using CD spectroscopy to prove the mode of this interaction.
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Figure 47. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Ce3+ ions (0, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 350 and 400 µl;
5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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Figure 48. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Ce3+ ions (0, 10, 15, 20, 25, 30, 40, 50, 60, 80 and 100 µl; 5x10-4 M) in 10 mM
Tris-KCl, pH= 7.4 at room temperature
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Figure 49. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Ce3+ ions (0, 2, 4, 6, 8, 10 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at room
temperature

300

87

0.9

DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN
DN

0.8

0.7

Absorbance

0.6

0.5

0.4

0.3

0.2

0.1

0

-0.1
200

220

240

260

280

300

320

340

360

380

Wavelength [nm]

Figure 50. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Sm3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100,120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 51. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Gd3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100,120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 52. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Tb3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100,120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 53. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3(4x10-6 M) titrated
with Dy3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100,120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 54. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Ho3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100,120, 140, 160, 180, 200,
220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 55. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Au3+ ions ((0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30, 40, 50, 60, 80,100, 120, 140,
160,180, 200, 250, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl, pH= 7.4 at
room temperature
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Figure 56. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Os3+ ions (0, 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80,100, 120, 140,
160,180, 200, 220, 240, 260, 280, 300, 350 and 400 µl; 5x10-4 M) in 10 mM Tris-KCl,
pH= 7.4 at room temperature
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Figure 57. UV-Vis titration of GQ DNA; sequence AG3(T2AG3)3 (4x10-6 M) titrated
with Rh3+ ions (0,10, 15, 20, 30, 40, 60, 80, 90, 100,120, 140, 160,180, 200, 220, 240,
260, 280, 300, 350 400, 450, 500, 550 and 600 µl; 5x10-4 M) in 10 mM Tris-KCl, pH=
7.4 at room temperature

550

95

1.5
1.4
1.3
1.2
1.1
1
0.9

Absorbance

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
200

220

240

260

280

300

320

340

360

380

400

420

440

Wavelength [nm]

Figure 58. UV-Vistitration of Os3+ ions (2.5 X10-5 M) with GQ DNA sequence
AG3(T2AG3)3, (0, 2, 4, 6, 10, 15, 20, 30, 40, 50, 60 and 80 µl; 1.3x10-4 M) in 10m
MTris-KCl, pH= 7.4 at room temperature
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3.2 Interaction of trivalent metal ions with Culf thymus DNA (ct-DNA)
3.2.1 Interactions of lanthanide metal ions with ct- DNA using CD spectroscopy
Circular dichroism of DNA arises from the chromophoric bases interacting with
sugar-phosphate groups and having exciton interactions with each other. CD spectra of
DNA depend on the winding angle and changes in relative positions of the bases relative
to the sugar-phosphate groups.
Calf thymus DNA is a right handed B- form of DNA with molecular weight
ranged between 10-15 million Daltons. It is characterized by a negative CD band at 245
nm caused by the helical structure of DNA and a positive CD band at 275 nm caused by
base stacking [194]. Thus, conformational changes in the helical structure or base-base
stacking result in changes in intensity or the position at these bands. The number of base
pairs per ct-DNA molecule is shown in (Table 7 )
Circular Diochrisim (CD) is a very powerful tool to study interactions of metal
ions with DNA and evaluate their mode of bindings. Generally, an increase in CD
intensity at 275 nm upon addition of metal ions to DNA indicates a groove binding
mode, while a decrease in CD intensity demonstrates an intercalation binding mode
[118]. However, slight changes in CD spectra at 275 nm can be correlated with
electrostatic mode of interactions through the phosphate backbones or with groove
binding mode of interactions [195].
Figures 59 to 67 show the CD titrations of ct-DNA (50 ppm, 5x10-9 M) with
3+

3+

Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+ trivalent lanthanide metal ions and Au , Os ,
and Rh

3+

trivalent heavy metal ions (1X10-2M M) using 5 minutes time intervals after

each addition. Figures 59 to 64 show that increasing the concentrations of Ce3+, Sm3+,
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Gd3+, Tb3+, Dy3+ and Ho3+ metal ions have significantly decreased the CD intensities at
275 nm while the band at 245 nm remained unchanged. On the other hand, additions of
3+

3+

3+

Au , Os , and Rh ions have slightly changed the CD intensities at 275 nm (Figures
65-67).
Decrease in the positive peak at 275 nm and remaining of the negative peak at
245 nm may indicate that the DNA B-form has been transformed into more compact
structures. It may also indicate that the extended B- form conformation was not altered
upon the additions of these ions. These results may indicate Ce3+, Sm3+, Gd3+, Tb3+,
Dy3+ and Ho3+ lanthanide trivalent metal ions have interacted with ct-DNA through an
intercalation binding mode. Several studies confirmed intercalation beside electrostatic
binding modes for the interaction of trivalent lanthanide ions [195-197].
Similar findings were reported by Gersanovski and coworkers. Changes in CD
intensity in base-base stacking region (at 275 nm) have been explained by
transformation of the B-form conformation of DNA to a more compact structure [196].
Additions of Tb3+ ions to ct-DNA result in binding the Tb3+ ions between the phosphate
group and N7 of guanine bases simultaneously. This interaction was shown to induce
changes in the geometry of sugar-phosphate backbone and the stacking interaction
between the bases in double stranded DNA. Tb3+ ions first neutralize the phosphate
groups along the DNA backbone followed by aggregation of the complex molecule.
The compact B-form differs from the regular B-form of DNA in having
interactions between base and sugar-phosphate are modified and accompanied by small
increases in the winding and tilt angles [196, 198-200] and a decrease in the size of the
minor groove.
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Zimmeret al reported that Cu2+ and Zn2+ metal ions interact on helical DNA with
two main mechanisms (1) binding to phosphate groups and to native DNA through a
mixed chelate between N-7 guanine atom and phosphate groups accompanied by an
increase of the winding angle. (2) only interacting with phosphates with an indirect
effect on inducing breakage of the water structure and producing DNA structural
alterations at higher concentrations. [201]
Gross and Simpkin have also shown that Tb3+ binds on two distinct binding sites
along unpaired residues of polynucleotide chains of DNA through phosphate groups and
nucleotide bases [197]. A similar conclusion was provided by Hu and coworkers for the
intercalation of Sm-complexes with herring sperm DNA. They suggested an interaction
mode based on mixed binding, which contains partial intercalation and electrostatic
interaction [195].
3+

On other hand, slight changes in CD spectra of ct-DNA upon additions of Au ,
3+

Os , and Rh

3+

can be attributed to weak electrostatic interactions between these ions

and the phosphate groups along the DNA backbone (Figures 65- 67). No conformational
changes in DNA as we increase the concentrations of these trivalent cations.
Sasi et al reported that Rh3+ interact with DNA at a very slow rate at room
temperature. The time needed to attain equilibrium is dependent on the concentrations of
metal ion. It may take several days for completion at low concentrations, while at higher
concentrations shorter time period are required for equilibration. UV-Vis spectra of
DNA showed an increase in absorbance and a red shift in the presence of Rh3+ ions
while specific viscosity of DNA solution was found to decrease asymptotically with
time and concentrations of metal ion. The melting temperature of DNA was found to
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increase at lower metal ion concentrations, whereas at higher values a decrease was
obtained. These results seem to indicate that Rh3+ binds both with the phosphate and the
bases of DNA. They also reported that this interaction took 60-120 hours to reach the
paltau values on time viscosity relationship at room temperature (30 ⁰C).These UV-Vis
measurements indicated that Rh3+ binds to the phosphate and to the bases, the former
corresponding to the absorption of purines and pyrimidines bases indicated that the
binding occurs with the bases. The disruption of the hydrogen bonds between base pairs
and consequent binding of Rh3+ to the bases might have given rise to a shift in the
positions of max. However, increase in Tm at lower r values (r less than 0.4) was
attributed to stabilization of double helical structure DNA by binding Rh3+ with
phosphate backbone. These results are also similar to those of Au3+ interaction with
DNA [133] and Cu2+ with DNA [132] systems and indicate that Rh3+ binds with the
phosphate and the bases of the DNA.
Similar findings were reported by KanKia and coworkers for the interaction of
Cobalt hexamine Co(NH3)6

3+

with 160 and 3000-8000 bp ct-DNA using CD and

hydration measurements. CD spectroscopy demonstrated that condensation process is
length dependent. Short DNA showed a decrease in CD indicating conformational
change to the more compact B-form while the 3000-8000 bp gave no significant change
[76].
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3.2.2 Interactions of heavy metal ions with ct-DNA using UV-Vis spectroscopy
Further investigations using UV-Vis spectrophotometry were performed to
3+

3+

3+

confirm the modes of interactions of Au , Os , and Rh with ct-DNA. Figures 68-70
3+

3+

show changes in UV spectra of ct-DNA upon additions of Au , Os , and Rh

3+

ions,

respectively. An incubation time of 5 min was applied after each addition. Absorption
bands of ct-DNA at 260 nm were found to increase and slightly blue shifted with
increasing Au3+ and Rh3+ions’ concentrations. Additions of Os3+ ions increased the
intensities of the bands at 260 and 360 nm. (Appendix. 7, 8 and 9).
Sasi et al reported that the reaction between Rh

3+

and ct-DNA is a very slow at

room temperature [131]. Addition of ct-DNA to Rh3+ in acetate buffer resulted in
shifting the 380 nm and 475 nm bands to 395 and 490 nm, respectively. They also
reported a shift in the 258 nm band belonging to DNA to 272 nm upon addition of Rh3+.
At higher metal ion concentrations, faster equilibrium was attained. Both the
hyperchromicity as well as the extent of shift were progressive in nature and found to be
dependent on the concentration of the metal ion. Since purines and pyrimidines are
responsible for the absorption at 258 nm, the spectra indicate the binding of metal to the
base moieties of DNA. Thus, changes in absorption maxima were not observed in our
spectra, probably because of the short incubation times between different additions
(Figure 70).
Thus, it seems that Rh3+ ion binds to phosphate groups at lower concentration
and subsequently stabilizes DNA by increasing the melting temperature while at higher
concentrations Rh3+ binds to DNA bases.
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Similar results were reported for the interaction of Au3+ with ct-DNA by Pillai and
Nandi [133]. They also found that Au3+ interact slowly with DNA over several hours.
Shift of the DNA 260 nm band and increase in its absorption intensity They concluded
that Au3+is predominantly base binder and also binds to the phosphate. Initially, no
change in the UV spectra are observed (under 2 hr). This may suggest that Au(III) at
low concentrations probably interacts with the phosphate in the initial stages of the
reaction and participation from the base moiety takes place with time. Similar
interaction with the phosphate group at very low concentration has been reported in the
case of Hg(III) [58]. We, therefore, consider that the phosphate interaction probably
depends on three factors: time, the value of r, and ionic concentration.
The results indicate that Au3+ ions probably bind to the phosphate group in the
initial stages of the reaction, particularly at low values of r, and participation of the base
interaction takes place with time. As the value of r increases, participation of the base
interaction also increases. Cross-linking of the two strands by Au3+ may take place, but
a complete collapse of the double helix is not envisaged. It is probable that tilting of the
bases or rotation of the bases around the glycosidic bond, resulting in a significant
distortion of the double helix, might take place due to binding of Au3+ to DNA.
Behavior of metal ions in interaction with DNA binding sites was classified by
Zimmer and coworkers into two main groups. Metal ions bind with both phosphate
group and bases such as Cu2+ and Mn2+ and metal ions bind with the phosphate groups
only. The latter require higher concentrations to alter the DNA structure as Mg2+. [201]
It have been established that trivalent cations may induce DNA condensation in
aqueous solution through many studies using different methods. As obtained with of
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Co3+ [76], Tb3+ [135], Mn2+ [202] and Ce3+ [104]. DNA condensation was noticed to take
place when at least 90% of phosphate group are neutralized by counter ions [202].
Table 7. Estimated molecular weight of single base pair and calculated base pair per
each ct-DNA molecule (107 Da)
Estimated molecular weight of
# of bp per one ct-DNA molecule (107 Da)
single DNA base pair (Da)
675
107/675= 14814.81 bp

Figure 59. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Ce3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32 and 34 µl of 10-2 M) in 10mM Tris-HCl, pH=
7.4 at room temperature
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Figure 60. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Sm3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24 and 26 µl of 10-2 M) in10 mM Tris-HCl, pH= 7.4 at room
temperature

Figure 61. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Gd3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34 and 36 µl of 10-2 M) in 10 mM Tris-HCl,
pH= 7.4 at room temperature
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Figure 62. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Tb3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22 and 24 µl of 10-2 M) in 10 mM Tris-HCl, pH= 7.4 at room
temperature

Figure 63. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Dy3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26 and 28 µl of 10-2 M) in10 mM Tris-HCl, pH= 7.4 at room
temperature
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Figure 64. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Ho3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18 and 20 µl of 10-2 M) in10 mM Tris-HCl, pH= 7.4 at room temperature

Figure 65. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Au3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 20 and 22 µl of 10-2 M)in 10mMTris-HCl, pH= 7.4 at room temperature
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Figure 66. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Os3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22 and 24 µl of 10-2 M) in 10mMTris-HCl, pH= 7.4 at room
temperature

Figure 67. CD titration of ct-DNA (50 ppm; 5x10-9 M) with Rh3+ ions (0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20 and 22 µl of 10-2 M) in 10mMTris-HCl, pH= 7.4 at room temperature
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Figure 68. UV-Vis absorption titration of ct-DNA (50 ppm; 5x10-9 M) with Au3+ ions
(0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 35 and 40 µl of 10-2 M)in
10mMTris-HCl, pH= 7.4 at room temperature (bottom). UV-Vis absorption spectrum of
Au3+ ion (above)
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Figure 69. UV-Vis absorption titration of ct-DNA (50 ppm; 5x10-9 M) with Os3+ ions
(0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 35 and 40 µl of 10-2 M) in 10 mM
Tris-HCl, pH= 7.4 at room temperature (bottom). UV-Vis absorption spectrum of Os3+
ion (above)
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Figure 70. UV-Vis absorption titration ct-DNA (50 ppm; 5x10-9 M) titrated with Rh3+
ions (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 35 and 40 µl) of 10-2 M) in
10mMTris-HCl, pH= 7.4 at room temperature (bottom). UV-Vis absorption spectrum of
Rh3+ ion (above)
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3.2.3 Stoichiometric ratios of trivalent metal ions to ct-DNA
Figure 71 shows binding stoichiometric ratio of Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3 +
metal ions to ct-DNA based on CD measurements. As the approximate number of base
pairs per ct-DNA molecule is 14814 bp, it is possible that a large number of trivalent
metal ions to bind per one ct-DNA molecule.
Stoichiometric ratios of 0.71, 0.55, 0.74, 0.6, 0.61 and 0.54 of Ce3+, Sm3+, Gd3+,
Tb3+ Dy3+ and Ho3+ ions per each ct-DNA base pair ([M3+]/[DNA]) were respectively
obtained (Table 8). This may indicate roughly one metal ion per each two base pairs.
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Figure 71. Plots of CD intensities at 275 nm versus different molar ratios of Ce+3, Sm+3,
Gd+3, Tb+3, Dy+3 and Ho+3 to ct-DNA. Titrations were done in 10 mM Tris–HCl buffer
pH 7.4 at room temperature
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3.2.4 Binding constant of trivalent metal ions with ct-DNA
Binding constants of lanthanide trivalent ions to ct-DNA were determined using
Scatchard plots based on CD measurements using equation 1 (Section 2.4.4;
Rf/[cation]= Kb_KbRf). Binding constants Au3+, Os3+ and Rh3+ were obtained based on
UV-Vis titration of 3.0 ml of ct-DNA (50 ppm; 5x10-9M) with metal ions (10-2M).
Binding affinities were calculated using equation 2 (section 2.4.4.; 1/(A-A) = 1/(AA) + 1/(K(A-A)) x 1/[M3+].
Table 8 shows the binding affinities of trivalent lanthanide and transition metal
ions. Binding affinities ranged in 1.81-3.09 x104 M-1 for Gd3+, Dy3+, Sm3+, Ho3+, Tb3+
and Ce3+. The transition metal ions Os3+ , Au3+ and Rh3+gave lower binding constants
ranged in 6.16 -7.90 x 102 M-1, i.e. around 100 times less than lanthanide metal ions.
Stronger binding affinities of lanthanide ions towards ct-DNA indicate the binding along
the bases and phosphate binding sites. Week binding affinities between transition metal
ions and ct-DNA can be attributed to the slow binding rates of these ions towards
nucleotide bases and phosphate backbone of DNA. However, at low metal ions’
concentration, metal ions are associated on phosphate groups by electrostatic forces.
Messori and coworkers demonstrated the lower binding affinity of different
Au3+complexes towards ct-DNA are attributed to an electrostatic interaction with
phosphate groups on DNA [203].
The order of binding affinities was found as Ce3+ Tb3+ Gd3+ Sm3+ Dy3+
Ho3+ Rh3+ Au3+ Os3+. Noticeably, Ce3+ has the highest binding affinity because of
having the smallest size and the highest charge density (Figures 72 and 73). Similarly,
Lui and coworkers reported that La3+, Sm3+, Eu3+, Gd3+ and Y3+ ions bind to ct-DNA

113
through intercalation modes. Binding affinities increase in the following order
La3+Eu3+Sm3+ Gd3+Y3+ were obtained based on fluorescence measurements [204].
Different molar ratio was used in our experiment, so the arrangement of binding affinity
for Gd3+ and Sm3+ ions toward ctDNA is different. (Table 5)

Table 8. Stoichiometric ratios, binding constants and melting temperatures of ct-DNA
and its complexes with trivalent ions. Stoichiometric ratios are given for the number of
metal ions per DNA and per base pair of ct-DNA
Metal

Stoichiometric ratio

Stoichiometric ratio

Binding const.

Melting

ions

[M3+/ DNA]

[M3+/ one base pair DNA]

K (M-1)

temp. (°C)

Ce3+

10600

0.71

3.09 X 104 M-1

62

Sm3+

8200

0.55

2.08 X 104 M-1

82

Gd3+

11000

0.74

2.09 X 104 M-1

78

Tb3+

8900

0.60

2.20 X 104 M-1

79

Dy3+

9000

0.61

2.05 X 104 M-1

79

Ho3+

8000

0.54

1.81 X 104 M-1

74

Au3+

-

1 (assumed)

6.74 X 102 M-1

80.5

Os3+

-

1(assumed)

6.16 X 102 M-1

78

Rh3+

-

1(assumed)

7.90 X 102 M-1

83
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Figure 72. Scatchard plots for the Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+ interactions
with ct-DNA
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Figure 73. Plots of 1/(A − A0) against 1/[Au3+], 1/[Os3+] and 1/[Rh3+]

3.2.5 Melting temperature curves of ct-DNA in absence and presence of trivalent
ions
Melting temperature curves for ct-DNA and its metal ion complexes were
3+

established based on CD measurements using 0.34-0.65:1 complex (M :ct-DNA bp) .
Conformational changes in DNA with increasing the temperature were recorded by
following changes in the intensity of the positive CD peak in the base stacking region at
275 nm. A 5 °C increment from room temperature up to 98 °C was applied (Appendix
10).
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Figure 74 shows the melting temperatures curves for ct-DNA and its complexes
with Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+. The melting temperature
(Tm) of ct-DNA was found 84.0°C. Complexation with the above trivalent metal ions
gave melting temperatures ranged between 62.0 and 83.0°C. These values reflected Tm
values ranged in -1 to -22 °C (Table 9). Noticeably, all investigated trivalent metal ions
decreased the Tm and subsequently destabilized ct-DNA. The order of destabilizing
3+

3+

3+

3+

3+

3+

3+

3+

3+

power is Ce  Ho  Gd  Os  Dy  Tb  Au  Sm  Rh .The higher
destabilizing power of lanthanide earths is supporting our earlier conclusion that these
metal ions bind to ct-DNA through intercalation with nucleotide bases and phosphate
groups simultaneously. Subsequently, they facilitated the breakdown of the double
helical structure and resulted in decreasing the Tm values.
These results are interesting since they indicate that transition metal ions Au3+ ,
Os3+ and Rh3+ destabilized ct-DNA, even stronger than some lanthanide ions,
3+

3+

3+

3+

3+

3+

3+

Gd Os Dy  Tb  Au  Sm  Rh . This destabilization order is also not
supported by the binding affinities obtained for transition metal ions compared to
lanthanide ions, found 100 times lower than lanthanide ions. If Au3+ , Os3+ and Rh3+ bind
to ct-DNA only through phosphate backbone groups, they would have stabilized ctDNA and subsequently increased the Tm. Metal ions’ binding with phosphate groups has
been correlated with enhancing stability of ct-DNA [38].
These inconsistencies between binding affinities and melting temperatures may
be explained based on abilities of heating to enhance metal ions binding to nucleotide
bases of ct-DNA. Interaction rate of Au3+ , Os3+ and Rh3+ with ct-DNA has been
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increased and binding to nucleobases has been enhanced by heating and thus contributed
to decrease melting temperature and destabilization of ct-DNA [197].
Destabilization of ct-DNA in presence of transition and rare earth trivalent metal
ions is generally resulting from interaction of metal ions with DNA bases. These metal
ions form chelates between the oxygens of phosphate groups and N7 of guanine. Similar
results were obtained for the interaction of Rh3+ with DNA by Sasi and others [131-133,
205]. Destabilization of the helix is caused by binding mainly with the bases of the
DNA [205]. Minor interaction with the phosphate backbone of DNA may also be
encountered. These results are also supported by ultraviolet spectral data. Melting
temperature studies have also confirmed that Au3+ binds to DNA through both the
phosphate and bases [133].
This is also being supported by several studies provided experimental evidences
that transition metal ions interact with both phosphate group and bases such as Cu2+,
Zn2+ and Mn2+. Tb3+ at low concentration was assumed to induce stability of double
helix structure by interacting with phosphate group. At high concentration, it
destabilizes DNA by chelating to phosphate group and N7 of guanine [135]. Other
studies indicated that Li+, Na+, Ca2+, Mg2+ and Zn2+ stabilized DNA by coordination
with N7 of guanine bases that doesn’t contribute in Watson crick H-bond [181].
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Table 9. Molar ratios and melting temperatures of ct-DNA with trivalent rare earths and
heavy metal ions
Molar ratio
M3+

Molar ratio [M3+/ DNA],

[M3+/ one

r

base pair
DNA], r

Melting
temperature, Tm,

Change in
Tm, C

C

Ce3+

7136.94

0.481744

62

-22.0

Sm3+

6650.70

0.448922

82

-2.0

Gd3+

6359.30

0.429253

78

-6.0

Tb3+

6292.26

0.424728

79

-5.0

Dy3+

6153.85

0.415385

79

-5.0

Ho3+

6063.17

0.409264

74

-10.0

Au3+

5077.00

0.342698

80.5

-3.5

Os3+

5256.79

0.354833

78

-6.0

Rh3+

9717.65

0.655942

83

-1.0
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Figure 74. Melting temperature curves of ct-DNA (50 ppm; 5.0x10-9 M) in absence and
presence of trivalent metal ions in different concentrations (declared in table 5). The
experiments were run in 10.0 mM Tris–HCl buffer, pH 7.4 at 275nm
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3.2.6.Effect of time on ct-DNA - metal complexes
Effect of time on the formation and stability of metal complexes of ct-DNA was
3+

tested using CD measurement. A 0.34-0.65:1 complex (M :ct-DNA bp) showed slight
or no changes in CD spectra after incubations for time intervals extended from 60
minutes up to 24 hours (Figure 75). Figure 75 showed also the effect of time on ctDNA. This may indicate that interactions of ct-DNA with investigated trivalent metal
ions are time-independent.
However, these results are different from the results obtained by Sasi and Nandi
for the interaction of Rh3+ with ct-DNA [131]. The reason may be attributed to the
difference technique (CD spectrometer ) used in studying the effect of time on ctDNAmetal complexes through our experiment. Since this technique measures the effect on
conformation changes.
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Figure 75. CD spectra of 50 ppm ct-DNA in absence and presence of trivalent metal
ions with different concentration ((declared in table 5) at different time till 24 hours.
Condition:10.0 mM Tris-HCl buffer, pH=7.4, =275nm, at room temperature
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3.3. Interaction of trivalent metal ions with GQ using CD spectrometer
Circular dichroism spectroscopy measures the difference in the absorption of left
and right circularly polarized light [206] when circularly polarized light pass into
optically active chiral molecules. CD spectroscopy is very sensitive to DNA and protein
secondary structures [207, 208]. CD is extremely sensitive (down to 20 μg/mL),
inexpensive, fast and allows comparative studies of DNA in various conditions. The
technique is easily used for studying conformational changes in DNA upon titration
with various agents. CD measurements can be done in solution as well as in thin films
and subsequently can be correlated with X-ray diffraction and infrared measurements
[209]. CD is advantageous compared to NMR, X-ray diffraction and other
conformational techniques as the latter are restricted to large amounts of oligonucleotides, short length DNA molecules, and a single discrete structure rather than a
mixture of isomerizing conformers.
Studies of metal ions interaction with DNA is attractive targets for understanding
the replication and transcription processes. They are also highly important for the
discovery of more efficient and specific drugs with fewer side effects [210]. In this
section, conformational changed in GQ DNA upon treatment with trivalent metal ions
will be the studied using CD spectroscopy.
Human telomeres consist of tandem repeats of d(TTAGGG)n, 5-10 kb in length,
and 5’-3’ towards the chromosome end [211, 212] with the 3’ prime overhangs of 100200 bases. Telomere’s structure and stability are related to cancer [213], aging [214],
and genetic stability [215]. Various proteins such as Pot1 (protection-of-telomeres 1),
TRF1 (telomeric-repeat-binding factor 1) and TRF2 are extensively associated with
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telomeric DNA. These proteins play important roles in telomere end-capping and
protection [216]. Each replication in normal cells, result in a 50 to 200 bases loss in
telomeric DNA. At a critical length, the cell undergoes apoptosis. In cancer cells,
activation of the reverse transcriptase telomerase extends the telomeric sequence at the
chromosome ends and prevents telomeres’s shortening [217].
Telomere folds into GQ structure of G-tetrad planes connected by Hoogsteen
+

+

hydrogen bonds and stabilized by monovalent cations such as Na and K ions.
Formation of GQ inhibits telomerase activity [218]. Compounds stabilize GQs have
been shown to inhibit telomerase activity. Structural information of GQ under
physiologically conditions is necessary for rational design of drugs. K+ ions are having
high intracellular concentration. Hybrid type intramolecular GQ structures were shown
to be the predominant conformation of human telomeric DNA in K+ solution [28].
Two distinct hybrid-type structures, hybrid-1 or hybrid-2 were assumed based on
the flanking segments (Figure 76A). Both structures contain three G-tetrads linked with
mixed parallel/antiparallel G-strands. The two structures differ in their loop
arrangements, strand orientations, tetrad arrangements, and capping structures. A
naturally occurring adenine triple platform was found to cap the 5’end of the hybrid-1
telomeric GQ while a TAT triple platform was found to cap the 3’end of the hybrid-2
telomeric GQ. The hybrid-2 type structure appears to be the major conformation on
extended human telomeric sequences.
In Na+ ions solution, antiparallel stranded intramolecular GQ (basket-type) is
formed by the 22 bases human telomere sequence AGGG(TTAGGG)3. This structure
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consists of three G-tetrads connected with one diagonal and two lateral TTA loops
(Figure 76B). However, multiple GQ structures are formed in K+ solution [28, 39, 42].

Figure 76. (A) Scheme of folding topologies of the Hybrid-1 and Hybrid-2 of Tel26
intramolecular telomeric GQs in K+ solution. (B) Basket-type of Tel22 intramolecular
GQ in Na+ solution [28]
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Thus,

GQ

DNA

may

form

parallel,

anti-parallel

or

hybrid

(mixed

parallel/antiparallel) conformations in presence of metal ions [44]. The 22 bases human
telomere forms intermolecular antiparallel GQ structure which exhibits a positive CD
peak near 295 nm and a negative peak near 265 nm. The parallel structure exhibits a
positive CD peak around 265 nm and a negative one around 240 nm [177]. Mixture of
GQ structures formed in the presence of K+ ion and exhibits strong positive peak near
295 nm, a shoulder at 265nm, and a negative peak at 235 nm [39]. Changes in the
intensities or positions of these bands upon additions of metal ions indicate the
interaction binding modes of metal ions with GQ DNA [219].
Figures 77-85 show CD spectra of GQ DNA;5’-AG3(T2AG3)3-3’; in Tris-KCl
buffer (4x10-6 M) over the wavelength range 200–320 nm in a 1 cm-path length cell.
The spectra were collected at room temperature using a Jasco-815 spectropolarimeter at
a scanning rate of 100 nm/min. Three scans were accumulated for each sample. The
spectra show a positive peak at 295 nm, a shoulder around 265 nm and a negative peak
at 235 nm indicating the formation of a hybrid parallel/antiparallel GQ structure.
Figures 77-85 also show changes in CD spectra upon titrations of GQ with the
trivalent heavy and rare earth ions Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and
Rh3+ (5x10-4M). Additions of the above trivalent ions induced decreases in the intensity
of the CD bands at 293 nm and changes in 235nm.These findings may indicate that
trivalent ions have partially displaced K+ ions in their cavities of GQ DNA. This
conclusion may be supported by the smaller sizes of investigated lanthanide ions Ce3+ =
1.01 A, Sm3+ = 0.958 A, Gd3+ = 0.938 A, Tb3+ = 0.923 A, Dy3+ = 0.912 A, Ho3+ = 0.901
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A and heavy metal ions Au3+= 0.85 A, Os3+= ~0.70 A and Rh3+= 0.665 A compared to
K+ (1.38 A) ionic radius using coordination number six [193].
The small changes in intensities observed in figures 77-85 could be attributed to a
partial displacement of K+ ions by trivalent ions. The latter had concentrations about 105

M compared to the 100 mM K+ ion concentration used in preparing the GQ

(Appendixes 11-19).
Similar findings were reported by Juskowiak and coworkers [186]. Changes in CD
spectra upon addition of Tb3+ to GQ were correlated with transition of the mixture GQ
structure formed in presence of 2mM K+ ion into the anti-parallel conformation. The
reason was attributed to the replacement of K+ ions by Tb3+ ions through a competition
reaction between K+ and Tb3+ ions on the binding sites in the GQ cavity.
On contrary to Tb3+ ions, Yang and coworkers demonstrated that stable GQ
structures formed by Tel 22 and Tel 26 in presence of 100 mM K+ ions did not change
upon addition of 100 mM Na+ ions as no changes in CD spectra were observed [39].
They stated that concentrations as low as 10 mM K+ can stabilize the hybrid-type
conformation in the presence of 100 mM Na+ while addition of Na+ up to 200 mM did
not convert this GQ- K+-hybrid conformation to the basket type formed by Na+ ions.
Our results suggest that the trivalent ions Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+,
Au3+, Os3+ and Rh3+ have interacted with GQ by intercalating to DNA bases through
replacing K+ ions. Our changes were no sufficient to prove transition from the hybridtype GQ to the antiparallel conformation [186]. The reason could be attributed to the
very high concentration of K+ ions (100 mM) used in preparing the GQ compared to the
10-6 -10-5 M of trivalent ions used in our experiments (Figures 77-85).
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This conclusion might also supported by the fact that Ce3+, Sm3+, Gd3+, Tb3+,
Dy3+, Ho3+, Au3+, Os3+ and Rh3+ are stronger hard Lewis acids compared to K+ ions.
They are having smaller ionic radii, higher positive charge, stronger solvation power,
empty d or f orbitals in the valence shell and higher energy LUMOs. Subsequently, their
affinities to nucleophilic atoms of the heterocyclic bases and phosphate groups are
higher than alkali and alkaline earth metal ions [220]. Thus, the tendency of trivalent
ions to form more stable coordinate bonds with the hard Lewis bases; N7 and carbonyl
oxygen of the DNA bases; is a stronger than with the monovalent K+ ions. Replacement
of K+ ions by trivalent ions will be dependent on the concentration of both trivalent and
monovalent ions. The effect of trivalent metal ions on the assembly of GQ might be
important to discern the associated mechanisms of molecular regulation. However,
studying the effect of trivalent ions at low concentrations might permit better conclusion
on their effects since it is consistent with their very low total cellular concentrations.

Figure 77. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M)with Ce3+ ions (CeCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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Figure 78. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M) with Sm3+ ions (SmCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature

Figure 79. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M) with Gd3+ ions (GdCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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Figure 80. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M)with Tb3+ ions (TbCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature

Figure 81. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M) with Dy3+ ions (DyCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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Figure 82. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M) with Ho3+ ions (HoCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature

Figure 83. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M)with Au3+ ions (AuCl3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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Figure 84. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M)with Os3+ ions (OsCl3,
5x10-4M) in 10 mMTris-KCl, pH= 7.4 at room temperature

Figure 85. CD titration of AG3(T2AG3)3-GQ DNA (4x10-6M)with Rh3+ ions (Rh(NO3)3,
5x10-4M) in 10 mM Tris-KCl, pH= 7.4 at room temperature
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3.3.1 Stoichiometric ratio of trivalent metal ions to GQ DNA
Figures 86 and 87 show the molar ratios of AG3(T2AG3)3 GQ (4x10-6 M)
interactions with Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+, Os3+ and Rh3+ ions (5x104

M). Decrease in the intensity of CD spectra by additions of metal ions gave clear

indications of an intercalation binding mode between the ions and DNA based on
replacement of K+ ions by the investigated trivalent metal ions. However, a mixed
binding that involve association with phosphate groups or binding into the loops of GQ
might also be possible.
Molar ratios around 1:1 (M3+:GQ) were obtained for Sm3+, Gd3+, Tb3+, Dy3+,
Ho3+, Au3+ and Os3+ GQ complexes. Ce3+ and

Rh3+ gave molar ratios of 1.5:1

(M3+:GQ). These variations might be correlated with the sizes of ions (Ce3+ = 1.01 A,
Sm3+ = 0.958 A, Gd3+ = 0.938 A, Tb3+ =0.923 A, Dy3+ = 0.912 A, Ho3+ = 0.901, Au3+=
0.85 A, Os3+= ~0.70 A and Rh3+= 0.665 A based on coordination number six [193]. It
may also be correlated with the affinities of these ions -hard Lewis acid- towards the
nucleophilic nitrogen and oxygen on nucleotide bases of DNA as well as affinities
towards phosphate groups.

3.3.2 Binding constants of trivalent metal ions with GQ DNA
Figures 88-89 show Scatchard plots of Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Au3+,
Os3+ and Rh3+ GQ complexes. The plots were plotted based on CD measurements and
scatchard equation described in section 2.4.4.
Slopes of the plots revealed the binding affinity values shown in table 10.
Binding constants ranged between 1.84x104 to 1.00x106 were obtained. Ho3+ ions gave
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the least binding constant and Sm3+ gave the highest. The binding constant increased in
the order Ho3+ Rh3+ Ce3+Au3+ Tb3+ Gd3+ Os3+ Dy3+ Sm3+ (Table 10).

3.3.3 Melting temperature curves of GQ DNA in absence and presence of trivalent
ions
To conform the above conclusion about trivalent ions’ interaction with GQ
DNA, we measured the melting temperatures of GQ DNA and its metal complexes.
Melting temperature indicates stabilization or destabilization of GQ by interacting with
trivalent metal ions.
Figure 90 shows the melting temperature curves for human telomere GQ DNA
(4x10-6 M) formed in Tris-KCl buffer having 100 mM K+ ions. The curves are based on
measuring the CD intensity of the positive peak at 293 nm versus change in temperature
(Section 2.4.6). Melting temperature was calculated as point at which 50% of DNA was
denaturized. A Tm value of 65.5 °C was obtained. A similar Tm value (65.0 °C) was
reported by Shi for the same sequence in presence of K+ ions at similar conditions to
ours [184].
Figure 90 also shows the melting temperature curves of GQ in presence of
equimolar concentrations (4x10-6 M) of the trivalent cations Ce3+, Sm3+, Gd3+, Tb3+,
Dy3+, Ho3+, Au3+, Os3+ and Rh3+. Tm values in the range 4.00-9.00 °C were obtained
indicating stabilization of GQ by these ions. Stabilization of GQ was found to increase
by increasing Tm through this order: Gd3+< Au3+ Rh3+ < Sm3+< Os3+< Tb3+ < Ho3+<
Dy3+< Ce3+ (Appendix 20).
Wu and coworkers concluded that stabilization of G-dodecamer structure by
lanthanide metal ions decreases with increasing the atomic numbers and decreasing the
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ionic radii [95]. On contrary, stabilization of G-octamer structure increases by
decreasing the radii. Ionic radii of trivalent cations are dependent on their coordination
numbers [221]. However, coordination number may change in solution or in the vicinity
of GQ cavity. Therefore, stabilization of GQ by trivalent cations seems to be dependent
on metal ions’ coordination numbers, human telomeric sequence as well as the ionic
radius.
Table 10. Stoichiometric ratios, binding constants and melting temperatures of human
telomere GQ interactions with trivalent ions
Tm

Stoichiometric

Binding

Melting temperature (°C) of

ratio [M3+/

constant, K

1:1 molar ratio [M3+/ GQ

DNA]

(M-1)

DNA]

Ce3+

1.50

2.68x104 M-1

74.5

+9.00

Sm3+

0.72

1.00x106 M-1

71.0

+5.50

Gd3+

0.98

4.50x104 M-1

69.5

+4.00

Tb3+

0.98

4.13x104 M-1

72.0

+6.50

Dy3+

0.68

7.44x104 M-1

74.0

+8.50

Ho3+

1.00

1.84x104 M-1

73.0

+7.50

Au3+

1.10

3.66x104 M-1

70.0

+4.50

Os3+

0.65

5.67X 104 M-1

71.5

+6.00

Rh3+

1.60

2.46x104 M-1

70.0

+4.50

Metal
ions

9.4

9.4

9.2

9.2

9

9

CD at 293 nm

CD at 293 nm
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Figure 86. Plots of CD intensities at 293nm versus different molar ratios of Ce+3 , Sm+3 ,
Gd+3, Tb+3, Dy+3 and Ho+3 to GQ DNA. A 4x10-6 M AG3(T2AG3)3GQ was titrated with
trivalent metal ions (5x10-4 M) in 10.0mM Tris–KCl buffer pH 7.4 at room temperature
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Figure 87. Plots of CD intensities at 293nm versus different molar ratios of Au+3, Os+3
and Rh+3 to GQ DNA. A 4x10-6 M AG3(T2AG3)3GQ was titrated with trivalent metal
ions (5x10-4 M) in 10.0mMTris–KClbuffer pH 7.4 at room temperature
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Figure 88. Scatchard plots for the Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+ interactions
with GQ DNA
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Figure 90. Melting temperature curves of human telomere AG3(T2AG3)3GQ (4x10-6 M)
in absence and presence of equimolar concentration of trivalent metal ions (4x10-6 M).
The experiments were run in 10.0 mM Tris–KCl buffer, pH 7.4 at 293nm
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3.3.4 Effect of time on formation GQ DNA in absence and presence of trivalent
ions
Effect of time on complexes formed between human telomere GQ and studied
trivalent metal ions are shown in figure 91. Samples prepared by mixing equimolar
concentrations of GQ and each metal ion (4x10-6 M) were monitored by CD at 293 nm.
Slight change was exhibited over 48 hours. Thus, it seems from the figures that the
displacement process of K+ ions by trivalent ions is a slow process.
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Figure 91. CD spectra of AG3(T2AG3)3GQ (4x10-6M) in absence and presence of
equimolar concentration of trivalent metal ions (4x10-6 M) at different time till 48 hours.
Condition:10.0 mM Tris-KCl buffer, pH=7.4, =293nm, at room temperature
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3.4 Interaction of trivalent metal ions with random coil DNA using CD and UV-Vis
spectrometry
3.4.1 Structural transition of human telomere sequence AG3[T2AG3]3 from random
coil to GQ conformation by trivalent metal ions
Sequences potential to form GQ are ubiquitous in the human genome (ca.370,000
sequences) and exist in telomeric DNA, promoters of important oncogenes (c-MYC, cMYB, c-FOS, c-ABL) fragile X-syndrome triplet repeats, and in immunoglobulin
switch regions. GQ is classified based on conformation as parallel, antiparallel, and
mixed types. Formation of either types is dependent on DNA composition, length, the
nature of stabilizing cation (Li+ < Na+ <K+). GQ is believed to play a role in gene
regulation, chromosomal alignment, recombination and in DNA replication. [24, 55,
185, 222-225]
The focus of this work is to investigate the potential of trivalent metal ions to
induce GQ in the DNA of human telomere sequence AG3(T2AG3)3 in absence of Na+
and K+ ions. We wanted to study the capability of theses ions to facilitate the formation
of GQ. In additions, binding affinity, stoichiometry and thermodynamics of binding will
be studied using CD and UV-vis spectroscopes. The results of this work provide an
insight on interactions of random coil AG3(T2AG3)3 and trivalent metal ions that may
present a step toward a better understanding of quadruplex folding pathways.
Figures 92-100 show the effect of adding Ce3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+,
Au3+, Os3+ and Rh3+ ions (5x10-4M) to human telomere single stranded DNA sequence
AG3(T2AG3)3 (4x10-6 M) on CD spectra of DNA. Experiments were run in absence of
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Na+ and K+ ions to demonstrate the contribution of trivalent metal ions in the
transformation of the random coil conformation to the GQ structure.
As shown in figures 92-100, CD spectra of random coil structure of the human
telomere Tel22 mer sequence (AG3(T2AG3)3 exhibits two positive peaks around 295 nm
and 255 nm and a negative peak at 235 nm [177]. Additions of trivalent ions resulted in
blue shifting the positive peaks at 255 and 295 and the formation of a new negative peak
around 265 nm. At higher metal ions’ concentrations (10μM), the positive peaks at 252
and 285 nm have become almost unchanged while the intensity of the negative peak at
265 nm continued to increase.CD signal at 260–265 nm is attributed to G–G base
stacking and used for detecting structural transition between antiparallel and parallel
GQs. Typical parallel GQ conformation shows a large positive band near 260 nm while
typical antiparallel conformation shows a large negative band in the same region.
Therefore enhanced magnitude of the negative band at 265 nm in figures 92-100
indicate a structural transition of AG3(T2AG3)3 from the random coil to antiparallel GQ
[226, 227].
These results indicated unambiguously that investigated trivalent ions induced
quick transformation of random coil (AG3(T2AG3)3 into the antiparallel GQ structure
characterized by the presence of a positive peak near 295 nm and a negative peak near
265 nm [177]. The resulting GQ structure has the same CD signature as the structure
induced by Zn2+ ions, but different from the mixtures of GQ structures induced by K+
ions. [177]. The reason might be attributed to their ionic sizes. Ionic radii of investigated
ions ranged in 0.67-1.01 A (Ce3+ = 1.01, Sm3+ = 0.96, Gd3+ = 0.94, Tb3+= 0.92, Dy3+ =
0.91, Ho3+ = 0.90, Au3+ = 0.85, Os3+ ~0.70 and Rh3+ = 0.67 A) (CN = 6). These values
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are comparable to the ionic size of Zn2+ (0.74 A) ion and Na+ (0.98 A) ion but much
smaller than that of K+ (1.38 A) ion.
Difference in peak positions between Na+ ion and selected trivalent ions in
formation of antiparallel GQ might be attributed to the fact that Na+ is coordinated with
the oxygen of the Carbonyl O of AG3(T2AG3)3, while trivalent ions can coordinate with
both N7 and carbonyl O of AG3(T2AG3)3.
Formation of unimolecular antiparallel GQ structure of human telomeric sequence
AG3(T2AG3)3 in our experiments is also supported by the results reported by
Bhattacharjee et al on transformation of d(TAGGG)2 into antiparallel conformation by
Zn (II) complexes [185]. Transformation of random coil single stranded telomeric DNA
(AG3(T2AG3)3) into intramolecular antiparallel GQ is also supported by the findings of
Juskowiaket al. They showed that Tb3+ ions induced antiparallel GQ structure from
AG3(T2AG3)3 single stranded in absence of Na+ or K+ ions. This conclusion was
justified by the appearance of a new positive peak near 295 nm and a smaller negative
peak at 265 nm characteristic of antiparallel GQ [186]. The glaring conformation to our
results has been provided by the results obtained by Gang Wu using ESI-MS. They
concluded that trivalent lanthanide ions (La3+, Eu3+, Tb3+, Dy3+ and Tm3+) can facilitate
the formation of G-quartet in a triple-decker G dodecamer with a single metal ion in the
central G-quartet [95]. The biological relevance of our findings might be of great
importance.
On contrary to lanthanide metal ions, additions of Os3+ and Rh3+ ions to
AG3(T2AG3)3 DNA induced transformation from random coil to antiparallel GQ at
initial concentration, r= 0.25. Further addition of metal ions up to r=5.32 and 1.27,
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respectively gave no considerable change in CD intensity of the negative peak at 265
nm (Figures 99 and 100, appendixes 28 and 29). This behavior seems different from
lanthanide metal ions and Au3+ ions in which the CD intensity of the negative band at
265nm increased by increasing their concentrations (Figures 92-98 and appendixes 2127).
These results may indicate that Os3+ and Rh3+ ions induce GQ at very low
concentration by coordination to N7 of guanine bases and/or carbonyl oxygen in the Gquartet cavities. Once GQ is formed, further added metal ions may bind nonspecifically
to phosphate group and results in no significant change in the CD intensity. Similar
findings were reported by Shin et al for alkaline earth ions where ions were assumed to
intercalate specifically into the G-quartet at low concentration and non specifically to
the negatively charged surface of DNA at high concentration. The latter process resulted
in no changes in CD spectra [160].
Increase in CD intensities at the 265 nm negative peak with increasing trivalent
ions’ concentration reached saturation at molar ratios around 1:1 and 2:1 (M3+:GQ).
This ratio is consistent with the expected stoichiometry of trivalent ions - GQ complex,
where two trivalent ions reside in the G4 cavity between three guanine tetrads or one
trivalent ion coordinate with the center G-quartet to induce GQ (Figures 101 and 102
and appendixes 21-27). This is again a proof that trivalent ions stabilized the antiparallel
GQ structure through the interaction with G4 bases in the concentration range used in
our experiment. Excess ions can bind with the external loop of GQ or phosphate group
backbone.
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Figure 92. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Ce3+ ions (5x10-4
M) in 10.0mMTris-HCl buffer, pH= 7.5, at room temperature

Figure 93. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Sm3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature
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Figure 94. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Gd3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature

Figure 95. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Tb3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature
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Figure 96. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Dy3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature

Figure 97. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Ho3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature
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Figure 98. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Au3+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature

Figure 99. CD titration of random coil AG3(T2AG3)3(4x10-6M) with Os+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature
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Figure 100. CD titration of random coil AG3(T2AG3)3 (4x10-6M) with Rh+ ions (5x10-4
M) in 10.0 mM Tris-HCl buffer, pH= 7.5, at room temperature
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3.4.2 Stoichiometric ratio of trivalent metal ions to telomeric random coil DNA
Binding stoichiometry of trivalent metal ions with human telomere sequence
AG3(T2AG3)3 was evaluated based on CD titration. Figures 101 and 102 show variation
of CD intensity at 265 nm versus molar ratio M3+:DNA.
From the plot of ∆CD at 265 nm against the ratio of [M+3] / [AG3(T2AG3)3],
binding stoichiometric ratios of 1:1 were obtained for Ce3+, Sm3+, Gd3+ , Dy3+ and Au3+
ions while the stoichiometric ratio for Tb3+ and Ho3+ions are around 2. This means that
these two ions intercalate into the cavities between G-qaurtet planes. These results are in
agreement with Wu and coworkers in their studies of trivalent lanthanides ions [95]. Our
results are also comfirmed by Galezowska et al in their studies of 21 htel with Tb3+ ions
using CD spectroscopy [186].
Os3+ and Rh3+ ions initially bind with the nucleotide bases forming the GQ. At
higher concentrations, they seems to react with phosphate groups. Using UV titration
method for these ions, we assumed that the stoichiometric ratio is equal to one since we
got a straight line between 1/(A − A0) against 1/[ M3+].
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Figure 101. Plots of CD at 265nm versus different molar ratios of Ce+3 , Sm+3 , Gd+3,
Tb+3, Dy+3 and Ho+3 to random coil DNA. A 4x10-6 M AG3(T2AG3)3 random coil was
titrated with trivalent metal ions (5x10-4 M) in 10.0mM Tris–HCl buffer pH 7.5 at room
temperature
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Figure 102. Plot of CD at 265nm versus different molar ratios of Au+3 to random coil
DNA. A 4x10-6 M AG3(T2AG3)3 random coil was titrated with Au+3 ions (5x10-4 M) in
10.0mM Tris–HCl buffer pH 7.5 at room temperature
3.4.3 Binding constant of trivalent metal ions telomeric random coil DNA
Binding constants of trivalent ions to random coil telomeric DNA were
determined using Scatchard plots based on CD measurements at 265 nm using equation
1 (Section 2.4.4; Rf /[cation]= Kb−KbRf). Rf is the average number of cations bound per
one binding site of DNA calculated by as Rf=(h-ho)/(hs-ho) where h is the peak hight
after each addition of metal ion, ho and hs are the peak heights at 265 nm of DNA at zero
and maximum (saturation) ion concentrations, respectively.
Binding constants of Rh3+ and Os3+ were calculated using equation 2 (section
2.4.4.; 1/(A-A) = 1/(A-A) + 1/(K(A-A)) x 1/[M3+]. A0 and A are the absorbance
intensities of DNA in absence and presence of trivalent cations at 265 nm, A∞ is the CD
absorbance at maximum M3+ concentration. A plot of 1/(A-Ao) versus 1/[M3+] gave the
binding constant from the ratio of intercept to the slop.
Figures 103-104A show the scatchard plots for binding constant of trivalent
cations towards random coil DNA. Binding affinities were calculated from the ratio of
intercept to the slope and tabulated in Table 11. Binding constants in the range
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1.74x104- 1.00x106 M-1 were obtained with Au3+ is the highest and Tb3+ is the least. The
binding affinity found to decrease in the following: Au3+> Gd3+> Sm3+> Ce3+> Ho3+>
Dy3+>Tb3+.
Binding constants of Os3+ and Rh3+ ions calculated using equation 2 are also given
in table 11. Binding affinities of 4.67x103 and 3.30x103 M-1 were respectively obtained
for Os3+ and Rh3+ ions. (Figure 104B)
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Figure 103. Scatchard plots for the Ce3+, Sm3+, Gd3+, Tb3+, Dy3+ and Ho3+ interactions
with telomeric AG3(T2AG3)3 random coil DNA
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Figure 104. (A) Scatchard plots for the Au3+ interactions with telomeric AG3(T2AG3)3
random coil DNA. (B) Plots of 1/(A−A0) against 1/[Os3+] and 1/[Rh3+]
3.4.4 Melting temperature curves of random coil DNA in absence and presence of
Gd3+ ion
Melting temperature of double stranded and high order DNA is the temperature at
which 50% of dissociation occurs. It is commonly used as a measure of the binding
affinity between the two complementary strands of the duplex or its thermodynamic
stability. However, measurements on single strands DNA showed conformational
transitions attributed to unfolding of hairpin and other possible conformations. Decrease
in absorbance of ssDNA at 295 nm with increasing the temperature has been correlated
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with structural changes that involve unstacking of the purine and pyrimidine bases. The
reason was attributed to increase in exposure to the solvent as the bases are unstacking.
[228] and references cited in.
In the present investigation, conformational changes in human telomere random
coil sequence AG3(TAG3)3 were studied as a function of temperature change from 25 to
90 C. The experiment was done in 10.0 mM Tris-HCl buffer, pH 7.5 as was used in all
earlier study. Figure 180 shows changes in CD spectra of random coil telomeric DNA
(4x10-6 M) with increasing the temperature. Single strand exhibited CD spectra
characteristic of random coil with two positive peaks around 295 and 256 nm and one
negative peak at 230 nm. With increasing temperature from 25 to 90 C, the intensities
of the two positive peaks severely reduced while the intensity of the negative peak
increased and red shifted to 236 nm. It is also observed that a very broad band centered
at 270 nm is formed.
Since, CD signal at 260–265 nm reflects the G–G base stacking, it seems that in
random coil, this interamolecular force is slightly enhanced by increasing temperature to
45-50 °C. At higher temperature, base unstaking occurred and CD shape was completely
altered to straight strand with no conformation. These observations are consistent with
UV melting studies of single strands indicated at high temperature results in unstacking
of the purine and pyrimidine bases by increasing exposure to the solvent [228].
Figure 105 shows the effect of temperature on human telomere GQ induced by
mixing equimolar concentrations of AG3(TAG3)3 and Gd3+ ions (4x10-6 M). At room
temperature, the CD pattern of gave a typical antiparallel conformation characteristic of
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AG3(TAG3)3 GQ with two positive peaks around 295 and 250 nm and a strong negative
peak around 260 nm.
Increasing the temperature from 25 to 50 C has severely reduced the intensities of
the positive peaks at 295 and 250 nm and demolished the negative peak at 265 C. These
changes associated with shifting the 295 and 250 nm peaks to 300 and 255 nm,
respectively. Further heating beyond 50 C completely altered the GQ into straight
strand with no conformation.
These results indicate that the antiparallel GQ conformation formed by Gd3+ ions
seems to be transformed at low temperature into parallel conformation. Further heating
results in unstacking of the purine and pyrimidine bases followed by complete unfolding
to straight strands.
Figure 105 shows the melting curves of human telomere AG3(TAG3)3 single
strand random coil in absence and presence of equimolar concentration of Gd3+ ions.
The melting temperature of the single strand random coil was found equal to 31.5 °C,
while melting temperature of the antiparallel GQ conformation formed by Gd3+ ions
equal to 37.5 °C (Table 11).
These melting temperatures seem much different from the Tm values of 65.5 and
69.5 °C recorded in presence of K+ ions for the mixture GQ conformations of human
telomere AG3(TAG3)3 and its induced antiparallel conformation by Gd3+ ion,
respectively (section 3.3). These results indicates that GQ structures formed by trivalent
cations in absence of K+ ions are unstable compared to GQ structures formed in
presence of K+ ions. These results are new in literature and of vital importance for the
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synergistic effect played by the presences of K+ ions with trivalent lanthanide ions on

CD absorbance at 295 (mdeg)

the stability of formed GQs’ conformations.
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Figure 105. Melting temperature curves of human telomere AG3(T2AG3)3 random coil
DNA (4x10-6 M) in absence and presence of equimolar concentration of Gd3+ ions
(4x10-6 M). The experiments were run in 10.0 mM Tris–HCl buffer, pH 7.5 at 295nm

Table 11. Summarize the stoichiometric ratio, binding constant and melting temperature
of [M3+/ random coil DNA]
Metal ions

Stoichiometric

Binding constant, K

Melting

ratio [M3+/ DNA]

(M-1)

temperature (°C)

Ce3+

1

4.59 X 104 M-1

-

Sm3+

1

5.75 X 104 M-1

-

Gd3+

0.89

8.07 X 104 M-1

37.5

Tb3+

2.2

1.74 X 104 M-1

-

Dy3+

1

1.54 X 104 M-1

-

Ho3+

2.3

2.27 X 104 M-1

-

Au3+

1

1.00 X 106 M-1

-

Os3+

1 (assumed)

4.67 X 103 M-1

-

Rh3+

1 (assumed)

3.30 X 103 M-1

-
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3.4.5 Effect of K+ ions on human telomere GQ induced by trivalent metal ions
K+ ion is abundant in biological systems. Therefore, studying the effect of K+ ions
on human telomere GQ induced by trivalent metal ions is significantly important. In this
experiment, GQs formed by mixing trivalent ions with human telomere single strand
DNA in 1:1 molar ratio (M3+:DNA) (4X10-6 M) were titrated with 0.0 - 10,000 folds of
K+ ions.
Figures 106 and 107 show the titrations of GQ formed by Ce3+, Sm3+, Gd3+, Tb3+,
Dy3+, Ho3+, Au3+, Os3+ and Rh3+ ions by K+ ions. In absence of K+ ions, AG3(T2AG3)3
gave the CD signatures of antiparallel GQ conformations with two positive peaks
around 250 and 295 nm and a negative peak around 265 nm. Additions of K+ ions
resulted in increasing the intensities of the 295 and 250 nm peaks associated with blue
shifting. Consecutive additions of K+ ions resulted also in disappearing the negative
peak at 265 nm. These changes indicated the transformation of the antiparallel
conformation of GQ to the hybrid structural conformation upon increasing K+ ions’
concentration from 100 to 10,000 folds.
Transformation of antiparallel GQ conformation to the hybrid conformation may
be attributed to association of K+ ions with the surface phosphate groups on DNA
backbone. Binding to phosphate groups is known to stabilize DNA which is clearly
indicated by increasing the melting temperature of Gd3+ - GQ complex from 37.5 to
69.5 C.
Binding selectivity of K+ ions towards GQ DNA induced by trivalent ions was
evaluated based on its selectivity coefficients calculated as the ratio between the slopes
of the calibration curves of K+ ions over that of trivalent ions (Chapter 2, section 2.4.5,
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equation 6). Selectivity coefficient values in the range of 10-3 to 10-5 were obtained and
tabulated in table 14. Selectivity coefficients calculated based on changes in CD
intensities of the 295 nm peak are comparable to those obtained at the 265 nm peak.
These results indicated also that higher K+ ions’ concentration gave lower selectivity
coefficient, probably due to the use of one point calibration. Results also might indicate
that K+ ions bind to the phosphate backbone rather than DNA bases and is not replacing
the trivalent ions in the G-quartet cavities, even at this very high relative concentration.
Thus, it seems that investigated system is selective to trivalent ions. The reason
could be attributed to the strong binding affinity of trivalent ions towards random coil
DNA caused by their higher positive charges, smaller ionic radii and stronger acidity
compared to K+ ions. These results are supported by our previous findings in this work
and reported ones indicated that micromolar concentrations of trivalent metal ions are
enough to induce stable GQ structures [177, 186].
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(D)
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(F)

Figure 106. CD titration spectra of (0, 100,1000,10000 folds) K+ in the presence of 1:1
molar ratio of [M3+ / random coil DNA] (A) Ce3+ (B) Sm3+ (C) Gd3+ (D) Tb3+ (E) Dy3+
and (F) Ho3+
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Figure 107. CD titration spectra of (0, 100,1000,10000 folds) K+ in the presence of 1:1
molar ratio of [M3+ / random coil DNA] (A) Au3+ (B) Os3+ and (C) Rh3+

Table 12. Concentrations of K+ ions and GQ used in investigating the effect of K+ ions
on GQs induced by mixing equimolar concentrations of M3+ and DNA, M3+:DNA (1:1)

Ml added
Ci, KCl conc.
of 0.1M
(M)
KCl

# of K+
folds

CA, metal conc.
(M)

0.00

0.00

0

4.00x10-6

0.004

3.984x10-4

100

3.984x10-6

0.04

3.846x10-3

1000

3.846x10-6

0.40

2.857x10-2

10000

2.857x10-6
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Table 13. Slopes of the calibration curves of trivalent ions calculated from changes in
CD intensities at 295nm and 265nm
Metal ion

KA at 295nm

KA at 265nm

Ce3+

1105708

690625

Sm3+

1049525

853235

Gd3+

1113453

572833

Tb3+

1128200

731768

Dy3+

1197965

704030

Ho 3+

1299098

310583

Au3+

1020665

628475

Os3+

1254255

646133

Rh3+

1113168

631603

Table 14. Selectivity coefficients of K+ ions on trivalent GQs based on CD
measurements at 295and 265nm at different folds of K+ ions
Ki,A=Ki/KA at 295 nm

Metal
ion

Ki,A=Ki/KA at 265 nm

100 K+

1000 K+

10,000 K+

100 K+

1000 K+

10,000 K+

folds

folds

folds

folds

folds

folds

-3

9.58x10

-4

7.06x10

-5

1.96x10

-3

7.90x10

-4

1.50x10-4

Ce3+

7.24x10

Sm3+

8.19x10-3

9.63x10-4

7.80x10-5

2.55x10-3

6.20x10-4

1.5x10-4

Gd3+

8.22x10-3

1.04x10-3

7.98x10-5

3.66x10-3

9.22x10-4

1.95x10-4

Tb3+

6.38x10-3

9.14x10-4

6.53x10-5

4.70x10-4

7.60x10-4

1.70x10-4

Dy3+

6.27x10-3

8.01x10-4

6.05x10-5

1.45x10-3

9.40x10-4

1.83x10-4

Ho3+

4.25x10-3

5.91x10-4

4.08x10-5

8.69x10-3

2.90x10-4

2.00x10-4

Au3+

8.47x10-3

1.11x10-3

9.70x10-5

2.98x10-3

8.90x10-4

2.00x10-4

Os3+

6.26x10-3

7.71x10-4

5.93x10-5

1.56x10-3

7.75x10-4

1.91x10-4

Rh3+

6.37x10-3

9.15x10-4

6.54x10-5

6.21x10-4

8.65x10-4

1.70x10-4
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3.4.6 Effect of time on formation of GQ induced by Gd3+ and Au3+ ions in absence
of K+ ion
Effect of time on GQ induced from random coil DNA by Gd3+ and Au3+ ions was
studied by following the CD intensity of the 295 nm peak for 48 hours at room
temperature (Figure 108). No significant changes were observed indicating high stability
of formed GQ structures.
10
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Figure 108. CD spectra of GQ induced by adding (4x10-6M) of Gd3+ and Au3+ions to
(4x10-6M) AG3(T2AG3)3 random coil DNA at different time till 48 hours.
Condition:10.0 mM Tris-HCl buffer, pH=7.4, =295nm, at room temperature

162
3.5 Interaction of Tb3+ ion with DNA using fluorescence spectroscopy
Lanthanide ions are hard cations, binding preferentially to oxygen and nitrogen.
Their ionic radii are quite smaller than Na+ and K+. They display Lewis acid properties
which make them useful in the hydrolytic cleavage of phosphor-diester bonds of DNA.
Shielding of the 4f orbitals makes their energy not much influenced by the surroundings
of the metal ion [98].
Various studies have been demonstrated that luminescence intensity of trivalent
lanthanides ions and its chelates are enhanced through binding with duplex and
quadruplex DNA [116, 196]. Intrinsic luminescence of lanthanide ions in aqueous
solutions are regularly weak because of weak electron transitions between the ground
and excited states of the inner 4f shell. Several lanthanides chelates have shown to
exhibit stronger luminescence than their free ions. The reason is attributed to greater
absorption cross-section of the ligand and the shield of lanthanide ions from solvent
quenching by the ligands [116].
Panigrahi et al demonstrated that addition of calf thymus DNA to lanthanide ions
increased their luminescence intensity [229]. Basu et al studied the effect of adding
different concentration of 22mer human telomeric DNA to Eu3+ ions. The emission
band at 452.5 nm was found to enhance by adding DNA. The usually sharp peaks at
580-685 nm appeared weaker and broader due to solvent quenching of lanthanides.
Enhancement was increased by samples’ annealing because annealing facilitates the
formation of quadruplex structures [116].
Tb3+ ion undergoes enhancement of its natural fluorescence when it interacts with
DNA. It can substitute other ions at their binding sites which makes it useful to study
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interactions between DNA and other ions [196]. Fluorescence enhancement of Tb3+ in
presence of nucleic acid indicated a base- and secondary-structure specificity. However,
secondary structures have smaller capability to enhance Tb3+. Rare earth columinescence is a fluorescence enhancement effect which was first found by J. Yang
and G. Zhu in 1986 [230]. Lin and coworkers observed this effect for the first time in
systems of nucleic acids. They found that Gd3+ enhances the fluorescence intensity of
Tb3+- nucleic acids [231]. Therefore, in this work Gd3+ ion was chosen to study its effect
on the interaction of Tb3+ ion with GQ DNA [230].
Yang et al reported that enhancement in Tb3+ fluorescence in presence of nucleic
acids is caused by binding to both phosphate groups and nucleic acid bases and
attributed to intramolecular energy transfer [231]. Co-luminescence effect of Gd3+was
attributed to the formation of Tb–Gd–dDNA and the Tb–Gd–RNA.
Although, ct-DNA does not give fluorescence, its emission is greatly enhanced in
presence of Ethidium bromide (EB) due to the formation of EB-DNA complex [232].
Tris buffer is also known to enhance fluorescence of lanthanide ions due its chelating
properties. Coordination of Tb3+ ions by tris prevents the OH groups of water molecules
from coordinating toTb3+ ions. Thus, the use of lower buffer’s concentration was found
to decrease the fluorescence intensity of Tb3+ ions due to incomplete coordination to
Tris molecules. Therefore, optimization of Tris buffer concentration is necessary [233].
3.5.1 Interaction of Tb3+ ions with ct-DNA using UV-Vis and fluorescence
spectroscopy
Figure 109 shows the UV-Vis absorption spectrum of TbCl3 ( 2.5x10-3 M) in
Tris-HCl buffer pH 7.4. Tb3+ ions exhibited an absorption band at 220 nm [234].
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Additions of ct-DNA (10-8 M) to Tb3+ ions resulted in a hyperchromism of the
absorption band of Tb3+ ion without shifting the wavelength. Similar findings were
reported by Devi and Singh for the interaction of the trivalent lanthanide ion;
praseodymium; with ct-DNA [147].
In figure 109, 2.5 X10-3 M Tb3+ titrated with ct-DNA ranged from 1.66x10-11 to
1.96x10-10 M. This resulted in molar ratio [Tb3+/ DNA] r value ranged in 1.5x108 to
1.25x107. Plot of A/(A-A) versus 1/[ct-DNA] revealed a linear regression from which
a binding constant (Kb) of Tb3+ to ct-DNA of 1.13X1010 M-1 was obtained (Figure 110).
This relatively high binding constant reflects binding of Tb3+ ions to ct-DNA bases and
phosphate groups on DNA backbone. Tb3+ ions at high concentration was reported to
bind to the N7 of guanine bases and phosphate groups by previous reports and
experimental evidences using fluorescence, circular dichroism, electrical dichroism and
thermal denaturation [196].
At low Pr3+ and Nd3+ ions’ concentrations, Devi and Singh reported binding
constant of 5.18x102 M-1and 9.59x102 M-1 for the interactions of Pr3+ and Nd3+ ions with
ct-DNA. Low binding constants could be attributed to the use of low metal ions
concentrations of Pr3+ions ([Pr3+]/[DNA] ranged in 0.0-20 and of Nd3+ ions ([Nd3+]/[ctDNA]) ranged in 0.0-4.0 [146, 147]. They suggested electrostatic modes of interaction
along the phosphate group on backbone between praseodymium and neodymium ions
and ct-DNA.
Thus, it seems that two modes of interactions are effective for the interactions of
trivalent lanthanide ions with ct-DNA. At low concentrations, interaction with
phosphate groups is favorable as exemplified by Pr3+ and Nd3+ ions. At high
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concentrations, interaction with nucleotide bases is favorable as in our case of Tb3+ ions.
The first mode revealed low binding constants whereas the second mode gave a high
binding constant.
Figure 111 shows the fluorescence spectrum of TbCl3 (1x10-5 M) in 10 mM
Tris-HCl buffer pH 7.4. The spectrum was recorded using 220 nm as excitation
wavelength. Tb3+ ions exhibited two strong fluorescence bands at 490 and 545 nm
attributed to transitions from 5D4 to 7F6 and 7F5, respectively [231]. The bands at 587,
622 and 671 nm are shown as broad and weak and attributed to 7F4, 7F3 and 7F1
transitions, respectively [235]. Figure 111 also shows the effect of time on fluorescence
spectra of Tb3+ ions (1x10-5 M) mixed with ct-DNA (2 µl of 100 ppm; 1x10-8 M) after
2-10 minutes incubation periods. Insignificant changes were observed indicating that
Tb3+ ions are fast interacting with ct-DNA.
Figure 112 shows the effect of adding ct-DNA (100 ppm; 1x10-8 M) on
fluorescence spectrum of Tb3+ ions (1x10-5 M) in Tris-HCl buffer pH 7.4. Initial
additions of 2.0 to 20 µl ct-DNA resulted in decrease in quantum yields of Tb3+ ions
indicated by the decrease in fluorescence intensities of all bands at 490, 545, 587, 622
and 671 nm. Further addition of ct-DNA (20-360 µl) resulted in increase the
fluorescence intensities at all bands and reached saturation level at higher concentrations
(360 µl) (Figure 113).
Initial decrease in fluorescence intensity of Tb3+ ions at low concentration of ctDNA might be attributed to light scattering caused by association of DNA molecules
around Tb3+ions. In our titration, the initial molar ratio of [Tb3+]/[ctDNA] = 1X106 was
used ensuring that all phosphate groups on DNA backbone have neutralized by Tb3+
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ions. At higher DNA concentrations, fluorescence quantum yield of Tb3+ions increased
due to binding of Tb3+ ion to N7 of guanine bases associated with energy transfer from
the bases to terbium ions [186, 196]. Similar findings were reported by Panigrahi et al
on enhancement of terbium luminescence intensity as the concentration of ct- DNA
increased [229]. At saturation level, no further free Tb3+ ions have become available in
solution. Subsequently, excess DNA did not induce fluorescence. (Figure 114).
Figure 115 shows Scatchard plot based on results tabulated in appendix 31. Two
intersecting lines indicated the presence of two binding sites on ct-DNA along the
phosphate groups and N donors along the nucleotide bases. The two lines gave binding
affinities 1.96x104 and 4.0x106 M-1, respectively. Similar findings were reported by
Gross and Simpkin who suggested the existence of two binding sites on unpaired
residues of polynucleotide chains: the phosphate moiety and electron donor groups on
the nucleoside bases with comparable binding constants to our values [197].
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Figure 109. UV absorption spectra of 2.5x10-3 M Tb3+ions titrated with (0, 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55 and 60 µl) ct-DNA (100 ppm; 10-8 M) in 10.0 mM TrisHCl, pH= 7.4 at room temperature
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Figure 110. Plot of Ao/(A-Ao) versus 1/[ct-DNA] in 10.0 mM Tris-HCl, pH= 7.4 at
room temperature. Absorbance was recorded at λmax= 220 nm
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Figure 111. Fluorescence spectra of Tb3+ ions (1x10-5 M ) mixed with 2µl ct-DNA (100
ppm;  10-8 M) after (2, 4, 6, 8 and 10 min) Condition: 10mM Tris-HCl, pH= 7.4 at
room temperature. λex= 220 nm
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Figure 112. Fluorescence spectra of Tb3+ions (1x10-5 M) titrated with (0, 2, 4, 6, 8, 10,
15 and 20 µl of ct-DNA (100 ppm; 10-8 M) in 10mM Tris-HCl, pH= 7.4 at room
temperature, λex= 220 nm
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Figure 113. Fluorescence spectra of Tb3+ ions (1x10-5 M) titrated with 20, 30, 40, 60,
80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 320, 340, 360, 380 and 400
µl of ct-DNA (100 ppm; 10-8 M) in 10mM Tris-HCl, pH= 7.4 at room temperature,
λex= 220 nm
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Figure 114. Variation of fluorescence intensity of Tb3+ ions (1x10-5M) at λem=547 nm
as a function of ct-DNA concentration. Measurements was done in 10 mM Tris–HCl
buffer pH 7.4 using λex of 220 nm
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Figure 115. Scatchard plot of r/Cf versus r from fluorescence spectra of Tb3+ ions
through the titration with ct-DNA using λex = 220 nm and λem= 547nm
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3.5.2 Interaction of Tb3+ ions with human telomere GQ using fluorescence
spectroscopy
Figure 116 shows the fluorescence spectra of Tb3+ ions (1x10-5 M) mixed with 2
µl human telomere AG3(T2AG3)3 GQ (1.27x10-4 M) after 2-10 minutes time intervals.
Insignificant changes observed in spectra indicated immediate formation of Tb3+- GQ
complex.
Figure 117 shows the effect of adding GQ (1.27x10-4 M) to Tb3+ ions (1x10-5 M).
Tb3+ ions quantum yield was found to increase by increase the concentration of GQ as
indicated by increasing fluorescence intensity at 547 and 491 nm.
Nacesh et al assumed that enhancement in fluorescence intensity is caused by
binding Tb3+ ions with phosphate groups of DNA. They justified their assumption based
on assuming that the ionic radius of Tb3+ is very large to bind with the cavities of GQ
[236]. This assumption was refuted by fact that Tb3+ has ionic radii of 0.92 and 1.095A°
using coordination numbers 6 and 9 while the ionic radius of Na+ is 1.02 and 1.24A°,
respectively [186]. On contrary, Worlinsky and Basu have proven that enhancement of
luminescence intensity of Tb3+ ions by addition of AG3(T2AG3)3 is attributed to binding
of Tb3+ ions to nucleotide bases of quadruplex sequences [116]. Further evidence on
Tb3+ ions binding to electron donor groups on the nucleoside bases associated with
fluorescence enhancement was provided by Gross and Simpkins [197].
Figure 118 shows the variation of fluorescence intensities of Tb3+ ions at 491
and 547 nm versus GQ’s concentrations. The curves covered molar ratios [Tb3+]/[GQ]
ranged in 3.15 to 78.74 and reached plateau values at about 2.00 x10-6 M DNA (Figure
203 and appendix 32). Enhancement of Tb3+ ions’ fluorescence upon additions of GQ is
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attributed to binding to guanine bases within the G-quartet cavities by replacing K+ ions.
Figure 118 also indicated the stoichiometric ratio of  5.00 [Tb3+]/[GQ] at both
wavelengths 491 and 547 nm. Since 22 mer telomere DNA AG3(T2AG3)3 sequence form
three layers of G-tetrad, it can accommodate 2-3 ions of Tb3+. Remaining Tb3+ ions
might bind either to phosphate backbone or to bases on the ATT loops. Similar findings
were reported by Galezowska and coworker using 21 mer human telomere with
sequence d(G3T2AG3T2AG3T2AG3) [186].
Comparing florescence quantum yield induced by the addition of GQ and ct-DNA
to Tb3+ ions indicated that GQ induced higher fluorescence than ct-DNA at comparable
concentrations. Similar results were obtained by Worlinsky and Basufor fluorescence
quantum yield induced by adding GQ and ct-DNA to Eu3+ ions [116]. Encapsulation of
Tb3+ ions inside the quadruplex cavity is suggested to the main reason for the
enhancement of Tb3+ ions photoluminescence. Encapsulation protects Tb3+ ions from
interactions with aqueous environment and enables energy transfer from guanines [186].
Figure 119 shows Scatchard plot based on luminescence titration data. The curve
gave apparent binding constant of 106 M-1 and number of binding sites of 9 for Tb3+
ions per each GQ molecule. These results indicate strong binding to the bases which are
enough to justify the replacement of K+ ions by Tb3+ ions in the cavities.
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Figure 116. Fluorescence spectra of 10-5 M Tb3+ions mixed with 2µl AG3(T2AG3)3GQ
(1.27x10-4 M) and incubated for 2, 4, 6, 8 and 10 min. Measurement was done in 10mM
Tris-KCl, pH= 7.4, at room temperature and using λex= 220 nm
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Figure 117. Fluorescence titration of Tb3+ions (10-5 M) with telomere GQ DNA
sequence AG3(T2AG3)3(1.27x10-4 M) in 10mM Tris-KCl, pH= 7.4 at room temperature.
Volumes added of DNA are 0, 2, 4, 6, 8, 10, 15, 20, 30, 40 and 50 µl
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Figure 118. Variation of fluorescence intensity at 491 and 547 nm of Tb3+ ions (10-5
M)versus concentration of 22 mer telomere GQ DNA in 10 mM Tris–KCl buffer pH
7.4; λex = 220 nm
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titrated with GQ DNA using at λexof220 nm and λem of 547 nm
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3.5.3 Interaction of GQ DNA with equimolar Tb3+ and Gd3+ ions
Since co-luminescence effect of rare earth ions was discovered by Jing he Yang
and Guiyun Zhu in 1986, it has become an important method to improve sensitivity in
fluorometric determination of rare earth ions [230]. Later on, Yang et al have applied
this effect in determining nucleic acids from fish sperm and yeast with detection limits
of 4.3x10-9 g/ml for DNA and 6.4x10-9 g/ml for RNA. Among Sc3+, Y3+, La3+, Gd3+ and
Lu3+. Gd3+ and Lu3+ were found to have the greatest enhancement effect on fluorescence
of Tb3+ ions [231]. Panigrahi and coworker have used the fluorescence enhancement of
Eu3+ in certain aromatic acid complexes by the addition of La3+ [237]. In recent studies,
they used the fluorescence’s enhancement of terbium and europium by ct-DNA to
estimate DNA concentration [229].
Figure 120 shows changes in co-fluorescence intensity of equimolar
concentrations of Tb3+ and Gd3+ ions (1x10-5 M) versus the concentration of GQ DNA
added (1.27x10-4 M). The slope of the curve is 7X107. 1.4 times higher than the slope of
similar curve in absence of Gd3+ ions. These results indicate 40 % enhancement of Tb3+
ions in presence of equimolar concentration of Gd3+ ions (Appendix 33). The curve
reached saturation at GQ concentration of 3x10-6 M. At this level, Tb3+ and Gd3+ ions
would have been completely bonded to DNA and no further free ions would be existing
for binding on GQ binding sites.
Co-fluorescence has been attributed to energy transfers from the ligand to the
metal ion and from one complex molecule to another one. The lanthanide ion whose
fluorescence is enhanced is referred as acceptor ion and the one whose presence enhance
the fluorescence of acceptor is referred as donors. In co-fluorescence, the concentration
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of the donating metal ion has to be 1000-10000 times higher compared to the acceptor
ion. The energy is transferred from the donor complexes to the acceptor complexes in an
intermolecular energy transfer mode [229].
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Figure 120. Changes in Cofluorescence of eqimolar concentrations of Tb3+ and Gd3+
ions (1x10-5 M) versus the concentration of GQ DNA. Measurement was done using
λex = 220 nm, λem= 547nm, in Tris-KCl buffer pH 7.4 at room temperature
3.5.4 Enhancement of Tb3+ -GQ’s fluorescence yield by Gd3+ ions
The effect of Gd3+ ions on photoluminescence of Tb3+-GQ complex was
investigated by adding different volumes of Gd3+ ions (1x10-5 M) to the complex formed
by mixing GQ DNA (1.88x10-6 M) with Tb3+ ions (1x10-5 M) (Appendix 34).
Figure 121 shows the change in fluorescence intensity as a function of Gd3+ ions’
concentration. Initially, the fluorescence intensity of Tb3+-GQ was found to decrease
with increasing Gd3+ ions’ concentration till 3x10-7M. Further increase in Gd3+ ions’
concentrations has increased the fluorescence emission of Tb3+. Since co-
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photoluminescence’s enhancement by rare earths is attributed to energy transfer
between donor and acceptor complexes as indicated above, it seems that Gd3+ ions
initially associate with phosphate groups on DNA backbone. This process does not
result in energy transfer between Gd3+ ions and Tb3+ ions complexes. At higher Gd3+
ions’ concentrations ( 3x10-7 M), Gd3+ ions enter the GQ cavities and bind with
guanine bases. This process results in energy transfer between coordinated Gd3+ ions
and Tb3+ and subsequently enhancing the fluorescence emission of Tb3+-GQ.
Fluorescence enhancement was also observed when the system was reversed (i.e. using
variable Tb3+ ions’ concentrations) . Similar findings were reported by Panigrahi and
coworkers in their studies. [229]
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Figure 121. Enhancement of fluorescence emission of Tb3+-GQ formed by mixing Tb3+
ions ((1x10-5 M) with GQ (1.88x10-6 M) as a function of Gd3+ ions concentration (1x105
M). Measurements was done using λex = 220 nm, λem= 547nm in Tris-KCl buffer, pH
7.4
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CHAPTER FOUR
CONCLUSION
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Nucleic acids control the machinery of living cells through coding different
biochemical functions. Metal ions play a critical role in inducing and stabilizing
different DNA structural conformations through interacting with various sites on nucleic
acids. Interactions are controlled by the relative affinity of metal ions towards the
negatively charged phosphate backbone and donor nitrogen or oxygen on nucleotide
bases
Several studies have investigated the interactions of metal ions with duplex and
higher orders DNA conformations. These interactions vary greatly, from monovalent
alkali ions that are primarily delocalized in a diffuse cloud around duplex DNA to
transition metals that are directly coordinated to the nucleotide bases. Due to the
polyanionic nature of DNA molecules, they are always associated with cations in living
cells which are essential for maintaining the nucleic acid structure and function.
In this work, we studied the interactions of calf thymus, human telomere random
coil DNA and human telomere GQ DNAs with trivalent lanthanide metal ions that
included Ce3+, Sm3+, Dy3+, Gd3+, Ho3+, Tb3+, Rh3+, Os3+ and Au3+. Investigations were
done using UV-Vis, fluorescence and circular dichroism techniques. The study was
carried out in aqueous solutions using Tris buffer, pH 7.4.
Results of UV-Vis measurements indicated that the nine investigated trivalent
metal ions interact with human telomere single strand random coil and GQ DNA
through guanine bases, at low concentrations. At higher concentrations excess ions can
interact with phosphate backbone. Trivalent ions induced transformations of random
coil DNA to antiparallel GQ conformation. Reactions between Rh3+, Os3+ and Au3+ and
GQ DNA were found slow. Results also indicated that ct-DNA interacted with
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lanthanide metal ions through an intercalation binding modes and with a mixed binding
mode including intercalations and electrostatic binding for Rh3+, Os3+ and Au3+ ions.
Stoichiometric ratios of metal ions to ct-DNA indicated one metal ion per each two base
pairs. Binding constants of 1.81-3.09x104 M-1 were obtained for lanthanide metal ions
with ct-DNA and 6.16-7.90x102 M-1 for heavy metal ions. The order of binding affinity
was Ce3+ Tb3+ Gd3+ Sm3+ Dy3+ Ho3+ Rh3+ Au3+ Os3+. Melting temperature
indicated that all these metal ions destabilized ct-DNA with Ce3+ ions is the most and
Rh3+ is the least destabilizing.
Circular dichroism measurements on GQ interaction with trivalent metal ions
indicated intercalation binding modes in which trivalent ions replaced K+ ions in Gquartet cavities. Stoichiometric ratios of 1.0 to 1.5 per GQ molecule were obtained.
Scatchard plots indicated binding affinities in the range 1.84x104 to 1.00x106M-1.
Melting temperature curves indicated that all investigated ions stabilized GQ by 4.00 to
9.00 C.
CD measurements also indicated that, additions of trivalent ions to random coil 22
tel human telomere DNA induced quick transformation to the antiparallel GQ
conformation. Molar ratio method indicated stoichometric ratios between 1:1 and 2:1
(M3+ : DNA) with binding constants in the range 1.74x104 to 1.00x106 M-1. Melting
temperature curves indicated that Gd3+ ions stabilized random coil human telomere
DNA by around 5.00 C. Results indicated that antiparallel GQ formed by trivalent ions
is transformed into parallel conformation followed by base base unstacking at higher
temperatures. Results also indicated that GQs induced in absence of K+ are less stable
compared GQ structures formed in its presence.
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Additions of 100-10000 folds of K+ ions to GQ induced by trivalent ions resulted
in transformation of the antiparallel GQ to the hybrid conformation. These results were
attributed to the association of K+ ions with the phosphate groups on the surface.
Selectivity coefficients of 10-3-10-5 were obtained for K+ ions over trivalent ions.
Fluorescence measurements on Tb3+ interactions with ct-DNA and human
telomere GQ confirmed the above results.
This study tried to understand the role of metal ions in regulating DNA
replications. The results obtained here could successfully gave insights on how trivalent
metal ions affect the conformations of different DNA strands and subsequently
contribute in controlling cell machinery. These results could also be of high importance
for future designing of anticancer and anti-neurodegenerative drugs.
Finally, my suggestion for the future investigation is to study the melting
temperature (Tm) of GQ DNA in presence of these trivalent metal ions at different molar
ratio in order to determine the optimal concentration that has the highest stability of GQ.
This concentration would be helpful for cancer treatment. The measurements may also
carry out simultaneously using multiple cell holders to avoid the systematic error as
possible. Moreover, study the stability of different complexes containing these trivalent
ions and compare it’s Tm would be a great useful in designing cancer drugs.
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